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ABSTRACT
Post-starburst, or E+A galaxies, are the best candidates for galaxies in transition from being gas-
rich and star-forming to gas-poor and passively-evolving as a result of galaxy-galaxy interactions. To
focus on what E+A galaxies become after their young stellar populations fade away, we present the
detailed morphologies of 21 E+A galaxies using high resolution HST/ACS and WFPC2 images. Most
of these galaxies lie in the field, well outside of rich clusters, and at least 11 (55%) have dramatic tidal
features indicative of mergers. Our sample includes one binary E+A system, in which both E+As
are tidally disturbed and interacting with each other. Our E+As are similar to early types in that
they have large bulge-to-total light ratios (median B/T = 0.59), high Se´rsic indices, (n & 4), and
high concentration indices (C & 4.3), but they have considerably larger asymmetry indices (A & 0.04)
than ellipticals, presumably due to the disturbances within a few re caused by the starburst and/or
the galaxy-galaxy interaction. We conclude that E+As will be morphologically classified as early-
type galaxies once these disturbances and the low surface brightness tidal features fade. The color
morphologies are diverse, including six E+As with compact (0.4 – 1.4 kpc) blue cores, which might
be local analogs of high-z ellipticals with blue-cores. The large fraction (70%) of E+As with positive
color gradients indicates that the young stellar populations are more concentrated than the old. These
positive color gradients (i.e., bluer nuclei) could evolve into the negative gradients typical in E/S0s
if the central parts of these galaxies are metal enhanced. Our E+As stand apart from the E/S0s in
the edge-on projection of the Fundamental Plane (FP), implying that their stellar populations differ
from those of E/S0s and that E+As have, on average, a M/L that is 3.8 times smaller. The tilt of the
E+A FP indicates that the variation among their stellar populations is closely tied to the structural
parameters, i.e., E+As follow their own scaling relationships such that smaller or less massive galaxies
have smaller M/L. We find a population of unresolved compact sources in nine E+As (45%), all of
which have merger signatures. In the four E+As with suitable color data, the compact sources have
colors and luminosities consistent with newly-formed star clusters. The bright end of the cluster LF
is fainter in redder E+A’s, suggesting that the young star clusters fade or are disrupted as the merger
remnant ages. In summary, the morphologies, color profiles, scaling relations, and cluster populations
are all consistent with E+As evolving ultimately into early-types, making the study of E+As critical
to understanding the origin of the red sequence of galaxies.
Subject headings: galaxies: evolution — galaxies: interactions — galaxies: starburst — galaxies: star
clusters — galaxies: stellar content
1. INTRODUCTION
If some galaxies evolve from star-forming, gas-rich,
disk-dominated galaxies (late-types) into quiescent, gas-
poor, spheroid-dominated galaxies (early-types), we
should find objects caught in the midst of this transfor-
mation. The best candidates are the so-called “E+A”,
“K+A”, or ”post-starburst” galaxies (Dressler & Gunn
1983; Couch & Sharples 1987) due to their combination
of late- and early-type characteristics, including both a
significant young stellar population (age . 1 Gyr) and
a lack of on-going star formation. These galaxies have
been spectroscopically identified by their strong Balmer
Electronic address: yyang, azabludoff, dzaritsky@as.arizona.edu
Electronic address: mihos@case.edu
1 Based on observations with the NASA/ESA Hubble Space
Telescope obtained at the Space Telescope Science Institute, which
is operated by the Association of Universities for Research in As-
tronomy, Incorporated, under NASA contract NAS5-26555.
absorption lines and absence of emission lines (e.g., [O II]
and Hα) in various environments and at all redshifts
(Zabludoff et al. 1996; Poggianti et al. 1999; Goto et al.
2003; Blake et al. 2004; Tran et al. 2003, 2004).
While the cause of the abrupt end of their star for-
mation is poorly understood, there is strong evidence
that galaxy-galaxy tidal interactions or mergers trigger
the starburst in many cases. First, most E+A galax-
ies reside in low-density environments, such as poor
groups, that are similar to those of star-forming galaxies
(Zabludoff et al. 1996; Quintero et al. 2004; Blake et al.
2004; Balogh et al. 2005; Goto 2005; Hogg et al. 2006;
Yan et al. 2008). Therefore, many E+As must arise
from a process common in the field, such as galaxy-
galaxy interactions, instead of a mechanism limited to
denser, hotter environments, such as ram pressure strip-
ping (Gunn & Gott 1972) or strangulation (Balogh et al.
2000). Second, a significant fraction of E+As have
2 Yang et al.
tidal features (Zabludoff et al. 1996; Yang et al. 2004;
Blake et al. 2004; Tran et al. 2003, 2004; Goto 2005).
Third, optical and NIR colors show that the spectral sig-
natures of E+As require enhanced recent star formation,
rather than simply a truncation of star formation in a
normal spiral galaxies (Balogh et al. 2005).
What will E+A galaxies become? In general, E+As are
bulge-dominated, highly-concentrated (Quintero et al.
2004; Tran et al. 2004; Blake et al. 2004; Goto 2005;
Balogh et al. 2005), relatively gas-poor (Chang et al.
2001; Buyle et al. 2006), and kinematically hot systems
(Norton et al. 2001). Therefore, in a statistical sense,
E+As are likely to become E/S0 galaxies. However,
due to a lack of spatial resolution in previous studies,
we do not know whether the detailed properties of indi-
vidual E+As, e.g., their bulge fractions, color gradients,
internal kinematics, and newly formed stellar clusters,
are consistent with their presumed evolution into early
type galaxies. Using HST/WFPC2, Yang et al. (2004)
showed that their morphological features are consistent
with a transition from late to early types, but their sam-
ple contained only the five bluest E+As galaxies from the
Las Campanas Redshift Survey (LCRS; Zabludoff et al.
(1996)) and thus was not representative. As a result, we
still do not know whether the entire population of E+As
will evolve into E/S0s, whether there is a distinguishable
subclass of E+As that evolves into E/S0s, or whether
E+As evolve into typical E/S0s.
To answer these questions, we must understand how
well E+As match the full range of E/S0 properties. Most
fundamentally, are the global morphologies (e.g., bulge-
to-total light ratios and concentration) of the whole
LCRS E+A sample consistent with those of E/S0s?
Second, E/S0s in the local universe become redder to-
ward their center; these negative color gradients origi-
nate from metallicity gradients (Peletier et al. 1990). In
contrast, E+As exhibit a wide range of color morpholo-
gies (Yang et al. 2004; Yamauchi et al. 2005). Can the
color profiles of E+As evolve into those of the typical
early types? Third, the number of globular clusters per
unit luminosity is higher in early types than in late types
(Harris & van den Bergh 1981). If E+As are in transi-
tion from late to early types, one should find new star
clusters formed during the starburst. Are there such clus-
ters, and, if so, do their colors and numbers coincide with
the expected evolution of the globular cluster systems of
present-day E/S0s? Fourth, early-type galaxies lie on the
Fundamental Plane (FP), an empirical scaling relation
between the effective radius, the central velocity disper-
sion, and the mean surface brightness, with remarkably
small scatter (Djorgovski & Davis 1987; Dressler 1987).
Will E+As lie on the same FP once they evolve?
To determine whether E+As evolve into objects that
are indistinguishable from the bulk of E/S0s, we present
HST/ACS observations of the 15 remaining E+A galax-
ies from the Zabludoff et al. (1996) sample. We com-
bine these with the previous HST/WFPC2 observations
of five blue E+As (Yang et al. 2004) and of one serendipi-
tously discovered E+A (Yang et al. 2006). The resulting
high resolution imaging of the 21 confirmed E+A galaxies
in the LCRS sample enables us to study the detailed color
morphologies and the properties of the newly formed star
cluster candidates at the sub-kpc scale. The detailed
morphologies, color profiles, and cluster populations of
many E+As are consistent with the galaxy-galaxy inter-
action scenario. We discuss how these features will evolve
and then relate this evolution to the properties of E/S0s.
Using existing kinematic data (Norton et al. 2001) and
our HST photometry, we also address whether or not
the various scaling relations of E+As are consistent with
those of E/S0s.
This paper is organized as follows. We describe our
E+A galaxy sample and the HST/ACS data reduction
in §2. In §3, we examine the general morphology of
E+As, including a discussion of tidal features (§3.1),
surface brightness profiles (§3.2), structural parameters
(§3.3), and concentration/asymmetry measures (§3.4).
The color profiles, including a class of E+As with lumi-
nous blue cores (Yang et al. 2006), are presented in §4.
We compare the scaling relations of E+As with those of
E/S0s in §5. We present the properties of the newly-
formed young star clusters in §6. We summarize in §7.
2. OBSERVATIONS AND DATA REDUCTION
2.1. LCRS E+A Sample
Our HST imaging sample consists of 21 nearby E+A
galaxies spectroscopically identified from the 11,113
galaxy spectra of the Las Campanas Redshift Survey
(LCRS; Shectman et al. 1996) with redshifts between
0.07 and 0.18 (Zabludoff et al. 1996). These E+As are
required to have strong Balmer absorption features (av-
erage equivalent width 〈Hβγδ〉 > 5.5A˚) and little if any
[O II] emission (EW[O II] < 2.5 A˚). Three-quarters of
this sample are in the field, well outside rich cluster en-
vironments. The number of each E+A (e.g., EA01) is
adopted from Zabludoff et al. (1996) and increases with
increasing 4000 A˚ break (D4000) strength. D4000 is re-
lated to the galaxy’s color — bluer galaxies have smaller
D4000. For the remainder of this paper, we refer to each
galaxy by its assigned number.
There have been two changes to the original sample
since published. One of the original galaxies (EA20) was
misclassified as an E+A due to noise in the region of
the spectral line diagnostics (Norton et al. 2001). On
the other hand, the morphologically disturbed compan-
ion galaxy of EA01 lies at the same redshift and also has
an E+A spectrum (Yang et al. 2006). We include it in
our sample and refer to it as EA01B, and to the orig-
inal EA01 as EA01A. The EA01AB system is the first
known binary E+A system and provides additional ev-
idence that the E+A phase of galaxy evolution can be
triggered by galaxy-galaxy interactions.
This LCRS sample is the most extensively studied
E+A sample, with data that includes measurements of
internal kinematics (Norton et al. 2001), H I content
(Chang et al. 2001; Buyle et al. 2006), radio-continuum
emission (Chang et al. 2001; Miller & Owen 2001), NIR
fluxes and morphologies (Galaz 2000), HST optical mor-
phologies (Yang et al. 2004), and spectral diagnostics of
nuclear activity (Yang et al. 2006). Table 1 summarizes
the basic data and inferred properties from the vari-
ous studies. Throughout this paper, we adopt H0 =
70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
2.2. HST ACS Observations
By combining the observations of six E+As with
HST/WFPC2, EA01AB through EA05 (Yang et al.
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Fig. 1.— (Left) High-contrast R band (R702) images show the low surface brightness tidal features. (Middle) R band images for the
WFPC2 sample (EA01AB – EA05). (Right) Residual R band images subtracted from the smooth symmetric model components. We
bound each image with 4 arcsec tickmarks and include a 4 kpc horizontal scalebar. Note the diverse morphologies of E+A galaxies: tidal
and disturbed features, dusty galaxies, blue-cores, bars, and even compact star clusters. Because EA01A is too disturbed to be modeled
by axisymmetric models, we restrict our analysis to EA01B and show the residual image only for EA01B in the top panel.
4 Yang et al.
Fig. 2.— (Left) Same as for Fig 1, except these are ACS images of EA06–20. (Middle) Two-color composite images from the B and R
bands. (Right) Same as for Fig 1, except for the ACS images.
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Fig. 2.— Continued.
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Fig. 2.— Continued.
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2004, 2006), with the new ACS/WFC imaging of the
remaining 15 E+As, we now have data for the complete
LCRS sample. The ACS/WFC imaging is in the F435W
and F625W bands, which closely match the Johnson B
and the SDSS r bands, respectively. We chose these
filters to match the two WFPC2 filters (F439W and
F702W) used by Yang et al. (2004). Hereafter, we will
refer to magnitudes in each of these filters as B435, R625,
B439, and R702, respectively.
The F625W band images consist of three cosmic ray
split exposures, one short (200s) and two long (350s) ex-
posures, while the F435W band images consist of only
two exposures. The exposure time for each split in
F435W ranges from 500 to 550 sec depending on the
galaxy’s location on the sky. These uneven exposure
times per pointing and the number of splits were adopted
to obtain both B435 and R625 band exposures within an
orbit, thereby maximizing the efficiency of our HST pro-
gram by avoiding unnecessary readout overheads.
The images are bias-subtracted and flat-fielded with
the standard ACS calibration pipeline. We determine
the offsets and rotations between the exposures by cross-
correlating the bright field stars and then “drizzle” the
individual frames into the geometrically corrected out-
put frame using the Pyraf/Multidrizzle package. We use
an output pixel scale of 0.05′′per pixel and the square
interpolation kernel for the drizzle.
We reject cosmic-rays using the standard Multidrizzle
routine for the R625 band images, which have three ex-
posures, and the LACOSMIC algorithms (van Dokkum
2001) and Multidrizzle together for the B435 band im-
ages. Because there are only two images and each expo-
sure is moderately deep, our B435 band images do have
coincident cosmic ray hits in the exposures. To address
this problem, we identify cosmic rays in the individual
images using LACOSMIC, fix the flagged pixels by in-
terpolating across neighboring pixels, and then apply the
standard drizzle process. We apply LACOSMIC in a con-
servative way to retain real objects (e.g., star clusters)
and visually check the rejected cosmic rays within a 20′′
radius from each E+A.
We use the Vega photometric system calibrated with
the ACS WFC zero points, 25.779 (B435) and 25.731
(R625) from Sirianni et al. (2005), and correct for Galac-
tic extinction using the reddening laws (Sirianni et al.
2005) AF625W = 2.633E(B − V ) and AF435W =
4.103E(B − V ) for an Sc type spectral energy distribu-
tion (SED). The color excess, E(B−V ), at each position
is obtained from the Schlegel et al. (1998) maps. Because
the LCRS sample is at high galactic latitude, the extinc-
tion correction is almost negligible for our sample. We
do not include the errors from the extinction correction
in our error budget.
2.3. Magnitude Transformation and K-correction
To compare our photometric measurements with our
previous WFPC2 imaging, and with the color gradients
(Johnson B and Cousins R) and the Fundamental Plane
data (Johnson B and Gunn r) of early type galaxies in
the literature, we establish the magnitude transformation
relation between the ground, WFPC2, and ACS/WFC
photometric systems using synthetic photometry of K+A
type templates as outlined by Sirianni et al. (2005).
Because the spectra of post-starburst galaxies depend
strongly on burst strength and time elapsed since the
burst, we build a library of K+A type spectra using
stellar population synthesis models (Bruzual & Charlot
2003, BC03). The model stellar populations are com-
posed of a young burst population (A–type) and an old
underlying population (K–type). We assume that the old
stellar population started forming 5 or 10 Gyr ago and
has since experienced an exponentially declining star for-
mation rate (τ = 2 Gyr). Superposed is a young stellar
population with burst mass fraction, fburst, which repre-
sents the fraction by mass of all stars formed in a brief,
∆tburst = 20–300 Myr, burst. We allow the burst mass
fractions to range from 0.02 to 1.0. We also vary the
metallicities of the old and young stellar populations be-
tween Z = 0.004 and Z = 0.02. The purpose of this
analysis is not to reconstruct the star formation history
(SFH) of our galaxies, but to generate a grid of SEDs
that covers the wide range of observed spectral parame-
ters and broad-band colors.
Using this grid of SEDs and the IRAF/Synphot rou-
tine, we measure the Johnson B, B435, B439, Cousins
R, Gunn r, R702 and R625 magnitudes over time until 2
Gyr after the end of burst (well beyond when the galaxy
would be classified as an E+A). We derive transforma-
tion equations by fitting to the data across the model
grid using the following linear relations,
TCOL = c0 + c1 SCOL + c2 SCOL
2 (1)
where TCOL and SCOL represent the target and source
color (e.g., TCOL = B435 − R625 and SCOL = B439 −
R702). In Table 2, we list the conversion parameters for
the WFPC2, ACS, Landolt (i.e., Johnson B + Cousins
R) and Thuan-Gunn systems.
To compare the properties of E+As across a range of
redshift (z = 0 − 0.15), one should apply K-corrections.
In principle, the K-correction can be derived from the
known SED of the object for an arbitrary redshift and
filter. If SEDs are not available, but there are enough
measurements of the broadband magnitudes, one can re-
construct the galaxy SED and calculate the K-correction
(e.g., Blanton et al. 2003). However, neither flux-
calibrated spectra nor multiple broadband colors are
available for our sample.
Therefore, we adopt an alternative approach using the
synthetic photometry of the described model K+A SED
library. The procedure is similar to what we use to derive
the magnitude transformation equations. Using the grid
of SEDs, we redshift the rest frame spectra to the appro-
priate E+A redshift, z, measure the observed Bz435 and
Rz625 magnitudes, and calculate the differences from the
corresponding rest frame magnitudes (i.e., K-corrections)
as a function of Bz435−Rz625 color. For each E+A, we de-
termine the K-correction at the measured (Bz435−Rz625)
color and use the range of model values as an error esti-
mate for the K-correction.
3. MORPHOLOGY
3.1. Qualitative Description
We show images of the six WFPC2 E+A galaxies in
Figure 1. The leftmost panels are high contrast images
in R and reveal low surface brightness features. The
middle panels are the R band images (the B band images
are far more shallow). Figure 2 shows the ACS data
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Fig. 3.— E+A surface brightness profiles. The data are extracted using the ELLIPSE task (dark solid line) and the model profiles with
GALFIT (gray solid line). The dashed and dot-dashed lines are the bulge and disk components from GALFIT, respectively. For the barred
galaxies (EA14 and 21), we show the three components fits (Se´rsic + Se´rsic + disk; Appendix A). The differences between the data and
the model are shown in the bottom panels. The large excess of light at large radii (r > 10kpc) in some E+As (EA08, 10, 11, 12, 18) is
mainly due to low surface brightness tidal features.
for the remaining 15 E+As. The leftmost panels are
the same as Figure 1. The middle panels here are the
two-color composite images from the B and R bands.
We adopt a color scheme employing the arcsinh stretch
from Lupton et al. (2004). We bound each image with 4
arcsec tickmarks and include a 4 kpc horizontal scalebar.
The right panels of both figures are the R band residual
images resulting from the subtraction of best-fit models
(see §3.2).
High resolution HST images enable us to identify a
wealth of small and large scale features. Readers are
referred to Appendix A for detailed descriptions of the
morphological features. Here we briefly describe our find-
ings. First, the morphologies of E+As are extremely di-
verse, including train-wrecks, barred galaxies, blue-cores,
and relaxed-looking disky galaxies. Given that our E+A
sample was selected using uniform spectroscopic crite-
ria, it is striking that the morphologies are so varied.
Second, more than half (55%) of the E+As have tidal
and/or disturbed features brighter than our detection
limit (µR < 25.1 ± 0.5 mag arcsec−2), supporting the
picture that galaxy-galaxy interactions/mergers are re-
sponsible for E+A phase. Five E+As also have apparent
companion galaxies within ∼ 30 kpc that appear to be
interacting with the E+A. Third, six E+As (30%) ex-
E+As and Early Type Galaxies 9
Fig. 3.— Continued.
hibit distinct compact blue cores with a characteristic
size of ∼ 0.5′′. Fourth, seven E+As show dust features,
such as lanes and filamentary structures, in the two-color
composites or the residual images. Only three of those
have color profiles that are seriously affected by these
dust lanes (§4).
3.2. Surface Photometry and Model Fitting
To compare E+A morphologies with those of early-
and late-type galaxies in a quantitative way, we fit mod-
els to the surface photometry. First, to obtain the sur-
face brightness profiles (and the color profiles in §4), we
extract the one-dimensional azimuthally-averaged light
profiles of the galaxies using the IRAF/ELLIPSE task.
Because a large fraction of E+As are disturbed and have
asymmetric features, we allow the model to follow the
light distribution as closely as possible. Thus, we allow
the center, major axis position angle, and ellipticity of
each ellipse to change freely, but we force ellipses to not
overlap by fitting over a limited radial range along the
major axis. The only difference from our analysis of the
previous WFPC2 imaging is that we forego point-spread
function deconvolution because the errors in the drizzled
ACS images are correlated.
To obtain global photometric parameters, such as effec-
tive radius re, effective surface brightness µe, and Se´rsic
index n, we use the two-dimensional image fitting algo-
rithm GALFIT (Peng et al. 2002). GALFIT assumes a
two-dimensional model profile for the galaxy with the fol-
lowing free parameters: the (x, y) position of the center,
Mtot (the total magnitude of the component), re (the
effective radius), n (the Se´rsic index), q (the axis ra-
tio defined as b/a), the major axis position angle, and
c (the diskiness/boxiness index, where c > 0 indicates
boxy). This index c plays the same role as the cos 4θ
Fourier coefficient term used often in isophote analysis
(Jedrzejewski 1987). As GALFIT explores parameter
space, it convolves the model image with a point-spread
function (PSF) and compares it to the data for each pa-
rameter set.
We use three types of model profiles with a pre-
determined fixed sky background: 1) r1/4-law bulge plus
an exponential disk, 2) single de Vaucouleurs r1/4-law
profile, and 3) single Se´rsic r1/n-law profile. Therefore,
for each galaxy, we have three sets of structural param-
eters, unless bulge/disk decomposition proves to be im-
possible (e.g., EA01A and 19). Bulge-disk decomposi-
tion (model 1) is useful for determining whether there is
a disk and for measuring a bulge fraction (B/T ). Model
2 is used mostly to compare the morphologies of E+As
with those of normal ellipticals or S0 galaxies, and we
use the derived parameters to place E+As on the Funda-
mental Plane (§5). Model 3 is flexible enough to distin-
guish early type galaxies (n > 3) from disk-dominated
late type galaxies (n ∼ 1). We determine the adopted
sky value using median values from 40×40 pixel regions
that appear free from tidal features or other large scale
sources. The GALFIT input PSFs are evaluated using
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Fig. 4.— (a) Distribution of R band bulge fractions (B/T ) of 15 E+As where the bulge-disk decomposition is reliable (shaded histogram).
Except for two disky E+As (EA09 and EA17), most E+As (13/15) have B/T ’s greater than the median for Sa galaxy bulges (0.45). The
median B/T of E+As (0.59) is roughly consistent with that of S0 galaxies (0.63). (b) Distribution of Se´rsic indices n in the R band
for 20 E+As (except EA01A) using a single Se´rsic fit (solid) and Se´rsic + disk fit (shaded). Most E+As (17/20) have very high Se´rsic
index (n & 5), even higher than the n = 4 of de Vaucouleurs profiles of normal ellipticals, indicating that the galaxy luminosity is highly
concentrated. (c) Se´rsic indices before and after masking the galaxy center. Most galaxies (65%) have a smaller n after masking, suggesting
that the central pixels play a role in the large derived n values.
unsaturated stars in the ACS field with S/N higher than
100 as identified by the IRAF/DAOPHOT package. Be-
cause the number of available stars is often too small
(N < 5) in each E+A field, we generate the time- and
spatially-averaged PSFs using all of the stars (N ∼ 90) in
our HST observations. We fit the galaxy images with all
three profiles and determine which profiles are the best
fits based on the χ2 values and visual inspection of the
residual images.
We plot the light profiles derived from the ELLIPSE fit
and the best fitting model profiles from GALFIT in Fig-
ure 3. As expected, the 1–D and 2–D fits do not always
agree, especially when there are a significant changes in
PA or ellipticity, but generally they are consistent to
within ∼0.2 mag. Because systematic errors, such as
that introduced by the fixed sky value, dominate, we run
GALFIT with various plausible fitting input parameters
and take the full range of fitting results as representative
of the final errors. Therefore, the errors given in Table 4
and 5 are conservative estimates of the true uncertainties.
3.3. Light Profiles
3.3.1. Bulge-disk Decomposition
In Figure 4a, we show the distribution of the R band
bulge fractions (B/T ) of the 15 E+As for which the
bulge-disk decomposition is reliable (red shaded his-
togram). The decompositions are not reliable in other
cases, for example, in those galaxies (EA07, 18, 19) where
a large portion of the bulge is masked by dust lanes and
in strongly disturbed systems (EA01A, EA02, EA12)
where the distinction between bulge and disk is mean-
ingless. Except for two disky E+As (EA09 and EA17),
most (13/15) of the remaining E+As have B/T ’s greater
than the median for Sa’s (0.45; Kent 1985). The me-
dian B/T of E+As (0.59) is consistent with that of S0
galaxies (0.63; Kent 1985). E+A galaxies are mostly
bulge-dominated systems, confirming previous studies
using bulge-disk decomposition (e.g., Yang et al. 2004;
Blake et al. 2004; Balogh et al. 2005).
3.3.2. Se´rsic Profile
The Se´rsic index n is often used to quantify galaxy mor-
phology (e.g., Blanton et al. 2003) because r1/n profiles
are flexible enough to represent a wide range of profiles,
from those of disk galaxies (n = 1) to those of spheroidals
(n = 4). E+A galaxies in the SDSS have large Se´rsic in-
dices (median n = 3), and therefore their luminosity is
centrally concentrated (Quintero et al. 2004). We fit sin-
gle Se´rsic profiles to all of our E+A galaxies, and present
the results in Table 4. This model generally results in
larger χ2ν values than those obtained with bulge+disk
decomposition, but both sets of models are statistically
acceptable.
In Figure 4b, we plot the distribution of the Se´rsic in-
dex n in the R band for 20 E+As, the entire sample
except for EA01A, which is too disturbed to fit. Most
E+As (17/20) have very high Se´rsic index, n & 5, even
higher than the n = 4 de Vaucouleurs profile of nor-
mal ellipticals, indicating that the galaxy’s luminosity is
highly concentrated, presumably due to recent central-
ized star formation. The exceptions are the three dusty
galaxies (EA07, EA18, EA19) with n = 1 − 3, where we
hypothesize that the dust lanes partially mask the bulge
component. High central concentrations do not necessar-
ily mean that the galaxies are bulge-dominated systems.
For example, two of our most disky systems, EA09 and
EA17, with B/T = 0.17 and 0.35, respectively, have un-
usually high Se´rsic indices (n > 10).
What causes the Se´rsic index of E+As to be even
larger than those of early-types (e.g., Kelson et al. 2000;
Graham et al. 2001; Graham 2002)? We consider three
possibilities: 1) we are being misled by the comparison
across different studies because the derived Se´rsic indices
are strongly dependent on the fitted radial range, the
choice of fitting method (1D vs. 2D), and the depth of
the images, 2) the index is dominated by the presence of
an additional, highly concentrated, central source, and
3) misidentification of a disk or tidal feature as the shal-
low wing of the Se´rsic profile is creating the apparently
large central concentration. For the remainder of this
discussion, we presume that the first possibility is not
the origin of these results, although a more thorough
cross-comparison among samples is warranted.
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To test the degree to which the central regions of E+As
affect the Se´rsic fits, we mask the centers with a 3 pixel
radius mask and repeat the fitting. In Figure 4c, we
plot the Se´rsic indices before and after masking. Most
(65%) of the galaxies have a smaller n after masking,
which suggests that a central concentration does play a
role in causing the high n’s. This conclusion is supported
by positive central residuals in the model subtracted im-
ages (Fig. 1 and 2). EA09 is a special case because
the bulge is so small that this masking leaves only the
disk component. However, Se´rsic indices in six E+As
actually increase after the masking. The E+As with a
larger resulting n after masking generally have ring-like
substructures in the residual images and negative central
residuals. We conclude that substructures near the cen-
ter, e.g., bright nuclei, bars, and rings, play an important
role in generating the highly concentrated light of most
E+As.
The last of our three possibilities is that disk or tidal
features are fitted as the shallow wings of the Se´rsic pro-
files. To examine the Se´rsic index of the bulge component
alone, we fit a Se´rsic+disk model. In Figure 4b, we show
the resulting distribution of Se´rsic indices for the bulge
components (red shaded histogram) compared with the
original, single-component values. The Se´rsic index of
the bulge itself is more consistent with that of normal
bulges (n ≃ 3− 5); however, some bulges still have large
Se´rsic indices (n > 5). We conclude that both the cen-
tral substructures and disk-like features are responsible
for the unusually high Se´rsic indices in E+As. In any
case, our E+As are more consistent with n ∼ 4 than
n ∼ 1.
3.4. Concentration and Asymmetry, Residuals
So far, we have derived structural parameters by fitting
smooth symmetric models to the images, even though
asymmetric features are quite common in the resid-
ual images (Fig. 1 and 2). To quantify the asym-
metric features and measure morphologies in a model-
independent way, we calculate nonparametric measures
of the galaxy morphologies: the concentration index C
(Abraham et al. 1994) and the rotational asymmetry in-
dexA (Schade et al. 1995). In previous work (Yang et al.
2004), we used the azimuthal Fourier decomposition
method (e.g., Rix & Zaritsky 1995) to investigate asym-
metric features of the disk-like components, such as the
lopsideness in two face-on disky E+As (EA03 and EA04).
We use CA indices in this paper, because a large com-
parison sample for the azimuthal Fourier decomposition
is not available.
To determine the C and A indices (collectively re-
ferred to as CA), we follow the methodology described
by Conselice et al. (2000) and Bershady et al. (2000).
First, the Petrosian radius rp is determined from the
growth curve for circular apertures requiring that η ≡
I(rp)/〈I(rp)〉 = 0.2, where I(r) is the surface brightness
at the radius r and 〈I(r)〉 is the mean surface brightness
within r (Petrosian 1976). We calculate the CA indices
for image pixels within the “total” aperture defined to
be twice the Petrosian radius. We measure the asym-
metry index A by subtracting the galaxy image rotated
by 180◦ from the original image and correcting for the
contribution to the asymmetry arising from background
Fig. 5.— CA classification diagram for our 21 E+As as well
as 113 local galaxies with various Hubble types drawn from the
Frei et al. (1996) catalog. The ellipses, crosses and spirals repre-
sent early-types (T 6 0), intermediate spirals, and late-type spirals
(T > 5), respectively. E+As are represented with filled circles. We
overlay a dashed line providing a rough division of the C−A plane
into regions of early- and late-types. E+As populate the CA plane
widely, as suggested by their morphological diversity. Two-thirds
of E+As occupy a unique part of the plane: high concentration (C
& 4.3) and moderately large asymmetry (A & 0.04). These E+As
have concentrations consistent with those of early type galaxies
(〈C〉 = 4.4± 0.3) or even higher, as expected from their B/T frac-
tions and high Se´rsic indices n. However, they have considerably
larger asymmetry than ellipticals (〈A〉 = 0.02 ± 0.02) due to dis-
turbances in their centers, presumably arising from the starburst
and/or recent galaxy-galaxy interaction.
noise:
A ≡ min
(∑ |I0 − I180|∑ |I0|
)
−
∑ |B0 −B180|∑ |I0| , (2)
where I and B represent the image pixels within a cir-
cular aperture of radius 2rp and the background region,
respectively. We choose a rotational center that mini-
mizes A by searching over sub-pixel grids with 0.1 pixel
resolution. The concentration index C is defined by
C ≡ 5 log
(
r80
r20
)
, (3)
where r20 and r80 are the radii containing 20% and 80%
of the total flux, respectively. Galaxies with a de Vau-
couleurs profile (n = 4) or a pure exponential disk profile
have C = 4.50 or 2.79, respectively.
In Figure 5, we show the CA classification diagram,
which is frequently used for the morphological classifica-
tion of high-z galaxies (e.g. Abraham et al. 1996), for
our 21 E+As and for 113 local galaxies with various
Hubble types drawn from the Frei et al. (1996) catalog.
The CA indices of the Frei sample were measured in ex-
actly the same way as those of the E+As. Although the
CA diagram is not an ideal classification tool (e.g., see
Conselice et al. 2000), it is quite useful in distinguishing
early from late type galaxies. In Figure 5, intermediate
spirals occupy a wide space in the CA plane, but early-
types are segregated from late-types. The CA indices
have low sensitivity to S/N and spatial resolution, within
certain limits. For example, Lotz et al. (2004) show that
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CA indices can be robustly measured within ∆C . 0.1
and ∆A . 0.05 for images with an average 〈S/N〉 & 5
and a spatial resolution of ∼ 500 pc per pixel or better
(see also Conselice et al. 2000). Because our HST images
satisfy these criteria (〈S/N〉 & 7 within rp and a spatial
resolution . 100 pc per pixel), a direct comparison be-
tween the E+As at z ∼ 0.1 with the local Frei sample is
valid.
E+As populate a wide range in the CA plane, as al-
ready suggested by their morphological diversity. We
overlay a dashed line providing a rough division of the
CA plane into regions of early- and late-types. Most of
the dusty E+As (EA07, 12, 13, 18, 19) and the train-
wreck E+A (EA01A) lie below the dividing line and
have large asymmetry and/or low concentration, presum-
ably due to extinction. The remaining E+As are located
above the line, but populate a unique part of the CA
plane where there is both high concentration C & 4.3
and moderately large asymmetry A & 0.04. These E+As
have concentration indices greater than or equal to those
of early types (〈C〉 = 4.4 ± 0.3), as expected from their
B/T fractions and high Se´rsic index n’s, but they have a
considerably larger A than ellipticals (〈A〉 = 0.02±0.02).
Where in radius does the largest contribution to the A
parameter come from? Faint tidal features do not con-
tribute significantly to A because 1) the total aperture
size is not large enough to enclose features at such large
radii and 2) the asymmetry is normalized using the to-
tal galaxy luminosity (eq. 2), so little weight is placed
on low surface brightness tidal features. In the local
galaxy sample, small scale features such as spiral arms
and flocculence in the disk are the main contributors to
A (Conselice et al. 2000). However, such features are
not visible in the disks of our E+As (except for in EA03
and EA19), which are smooth (see also the NIR imaging
from Balogh et al. 2005). Therefore, the large asymme-
try of E+As is probably due to relic structures within a
few effective radii arising from the starburst and/or re-
cent galaxy-galaxy interaction. Yamauchi et al. (2005)
reached a similar conclusion from their analysis of 22
SDSS E+As.
To further investigate the nature of the asymmetry,
we compare the asymmetry profiles, i.e., the asymme-
try index interior to radius r, A(< r), of E+As and
late-type spirals (T > 5). Except for three E+A galax-
ies (EA01B, 03, 11), E+As have decreasing or flat A(r)
profiles. Conversely, the late-type galaxies tend to have
increasing asymmetry profiles, because spiral arms and
flocculence in the disk are increasingly included as the
aperture increases. We conclude that the asymmetry in
E+As originates mostly in the central parts (within a few
re), presumably due to unrelaxed structures or residual
dust from the starburst and/or recent merger. These
E+As would be classified as “normal” elliptical galaxies
or early-type spirals if they were observed at high red-
shift, unless the disturbances in their innermost regions
(within a few kpc) or the low surface brightness features
with µ ≃ 24− 25 could be clearly identified. In Table 3,
we list the aperture sizes (rp), CA indices, and relevant
aperture magnitudes.
4. COLOR PROFILES
The radial color profile of a galaxy depends on its dust
content and the spatial distributions, ages, and metallic-
ities of its stellar populations, which in turn depend on
the evolutionary history of the galaxy. For example, if
galaxy-galaxy interactions are responsible for an E+A’s
recent starburst, the young stellar population is expected
to be centrally concentrated (e.g., Mihos & Hernquist
1994; Bekki et al. 2005) and to produce a positive color
gradient, i.e., a redder color with increasing radius. On
the other hand, if the E+A arises from a truncation of
continuous star formation, due to a mechanism such as
ram pressure stripping in the cluster environment, then
it may have a uniform color profile (see the extensive
discussions in Caldwell et al. 1999; Rose et al. 2001).
Current observational evidence supports the model
of centralized star formation in E+A galaxies. Us-
ing long slit spectroscopy, Norton et al. (2001) find
that young stars are more centrally concentrated than
older ones in our E+As. Even for E+As in clusters,
Bartholomew et al. (2001) show that on average they be-
come slightly bluer toward the center than normal early-
type galaxies. Recently, Yamauchi et al. (2005) found
that a substantial fraction of SDSS E+As have such a
positive color gradient. However, these studies are some-
what limited due to the galaxies’ small angular extent
and/or the effects of ground-based seeing. In this section,
we present high resolution internal color distributions of
our E+As and show that indeed a significant fraction
have positive color gradients and sometimes distinct blue
cores. Then, we investigate whether the color profiles of
E+As can evolve into those of early-type galaxies.
4.1. Positive Color Gradients in E+A Galaxies
We show the (B435−R625) radial color profiles of 20
E+As in Figure 6, excluding EA01A because it is so
irregular. To enable direct comparison between the
profiles, the (B439−R702) colors were transformed into
(B435−R625), and all colors were K-corrected with re-
spect to z = 0.1 to minimize the K-correction uncertain-
ties. We refer to these colors as (B − R)0.1. Note that
we do not apply different K-corrections along the color
gradients because these corrections are small (typically
0.02 mag) compared to the overall K-correction values.
We measure the radial color profiles using the surface
brightness profiles obtained with the ELLIPSE task. Be-
fore fitting ellipses to the isophotes, we correct for the
different point spread functions in the B and R bands
by convolving the sharper R band images to match the
B band images. The smoothing kernel is determined us-
ing unsaturated stars in both images. We extract surface
brightness profiles in the R band as described in §3.3, and
then extract the B band profiles using the same isophotes
as in the R band analysis.
Note that this PSF-matching is critical in order to in-
vestigate the innermost color profiles of E+A galaxies
and to identify color structures such as blue cores that
can be as small as a kpc (see also Menanteau et al. (2004)
for a comprehensive treatment of PSF issues). Figure 7
shows the effect of this PSF correction. Assuming an
intrinsically uniform color distribution, i.e., a zero color
gradient, we generate model B and R images with the
best fitting GALFIT models for our 20 E+As, and then
convolve these with the appropriate B and R PSF’s to
generate the “observed” B and R images. In the upper
panel, we plot the observed color profiles when we do not
match PSFs. We plot the measured color profiles after
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Fig. 6.— Redshifted radial (B435−R625)0.1 color profiles of the 20 E+As. All the colors are K-corrected to z = 0.1. The color profiles are
as diverse as the morphologies of E+As, ranging from negative color gradients (EA02, 04, 07, 12, 19) to positive color gradients including
compact blue cores (EA05, 06, 09, 14, 16, 17). The large fraction (70%) of positive color gradients suggests that many E+As had a central
burst of star formation and therefore that the E+A phase is triggered by galaxy interactions/mergers that funnel gas toward the center
of the remnant. The shaded region indicates the (B435−R625)0.1 colors of a 5–10 Gyr old SSP with metallicity Z = 0.004 (1/5Z⊙). The
color of an SSP with solar metallicity is redder and varies from 1.86 to 2.04 between 5 and 10 Gyr. Recent star formation is not limited to
the central region, as evidenced by the fact that the color is bluer than the shaded region at most radii.
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Fig. 7.— Effect of the PSF correction. (Top) Measured color
profiles for model galaxies with a uniform color distribution, i.e., a
zero color gradient, without convolving the PSF-matching kernels
with the R band images. The non-zero color gradients arising due
to differences in the PSF function are clear over the entire range
of radii depending on the model galaxy. (Bottom) Color profiles
extracted after the PSF-matching. The measured color profiles
deviate from the flat profiles by no more than ∼ 0.02 magnitudes.
Our color gradient measurement is valid even in the innermost
region.
PSF-matching in the lower panel. The improvement is
obvious and the measured color profiles deviate from the
intrinsic flat profile by no more than ∼ 0.02 magnitudes.
The extracted profiles tend to be biased toward redder
cores, but the effect is negligible.
We find that all E+As have globally blue colors, ex-
cept within dusty regions, and so conclude that recent
star formation extends across the face of these galaxies
(consistent with the results of Franx 1993; Caldwell et al.
1996; Norton et al. 2001). In Figure 6, we overlay the
model (B−R)0.1 colors of 5 to 10 Gyr-old simple stellar
populations which are consistent with those of early type
galaxies for comparison.
While E+As are relatively blue overall, their inter-
nal color variations are surprisingly diverse, as suggested
by their morphological diversity (see Table 6). Twelve
E+As (57%) have positive color gradients, i.e., they be-
come redder with increasing radius, while five E+As
(20%; EA02, 04, 07, 12, 19) have negative color gradi-
ents. The remaining five E+As have relatively flat color
profiles or a mixture of positive and negative color gra-
dients. Half of the E+As with positive gradients exhibit
blue cores, which we discuss below. This diversity echoes
the variation in Hδ absorption line strength profiles ob-
served in cluster E+As (Pracy et al. 2005). We list the
overall color morphologies of E+A galaxies in Table 6
within broad categories: positive (including blue core),
negative, or flat color gradient.
Among the E+As with negative color gradients, three
(EA07, 12, 19) show clear dust signatures, such as dust
lanes and irregular filamentary structures in the two-
color composite images. The clear detection of dust fea-
tures in the ACS sample is mainly due to the excellent B
band sensitivity, and so we cannot exclude the possibility
that similar dust exists in the WFPC2 sample galaxies
with negative color gradients (EA02 and 04). Therefore,
although there are other possible explanations, including
a truncated IMF during the starburst (see Bekki et al.
(2005)), we speculate that the red cores in these galaxies
arise from increasing dust extinction toward the center.
To quantify the color gradients, ∆(B −R)/∆log r, we
perform linear least-square fits to the radial color pro-
files. Because of the highly variable color profiles and
compact blue cores in some E+As, a single color gradi-
ent is obviously not the best representation. Therefore,
we measure the color gradients with two piecewise linear
fits, allowing the break radius Rbreak between the inner
and outer slope to change freely. Our only constraint
is Rbreak & 0.3 kpc (∼ 4 pixels) to prevent measuring
break radii that might be seriously affected by the PSF.
In Table 6, we list the color gradients and break radii
from the piecewise linear fits, as well as the color gradi-
ent derived from the single line fit. The color gradients
are measured in (B435−R625) at z = 0.1 to minimize the
systematic errors that may arise from the K-corrections
and color transformations. For EA01-05, the WFPC2
sample, we measure the color gradient in (B439−R702)
at z = 0.1 and convert it to (B435−R625) at z = 0.1
using the relation ∆(B435−R625) ≃ c1 ∆(B439−R702) in
Table 2. We find that the broken linear fits significantly
improve the fits (χ2s) in all but three E+As (EA01B, 03,
15).
The distribution of color gradients is shown in Figure 8,
where the solid and hatched histograms indicate the color
gradients for single and double line fits, respectively. The
range of color gradients for early-type galaxies (E and
S0s from Franx et al. 1989; Peletier et al. 1990) is shown
for comparison (dashed curve). The majority of E+As
(∼ 70%) have a positive color gradient that deviates from
the slightly negative profile typical of early-type galaxies.
We conclude that the young stellar populations are more
concentrated than the underlying old populations. This
conclusion is independent of whether the single or double
line fits are used and is qualitatively consistent with that
of Yamauchi et al. (2005).
4.2. Blue Cores
The most interesting morphological feature in certain
E+As is the compact, almost stellar-like, blue core that
is distinct from the other parts of the galaxy. We de-
fine blue core galaxies as those that have a color vari-
ation, δ(B − R), within the inner 2 kpc region that is
greater than 0.3 magnitudes. This definition is compara-
ble to the original criteria adopted by Menanteau et al.
(2001), δ(V − I)obs & 0.2, for morphologically selected
early-type galaxies. Six E+As (EA05, 06, 09, 14, 16, 17)
satisfy our definition and have characteristic core sizes
of Rbreak = 0.4 – 1.4 kpc. Within these break radii,
the color gradients of blue core galaxies are very steep,
∆(B−R)/∆log r> 0.6. The slopes become relatively flat
at radii larger than the break radii. Note that we clas-
sified EA01B as one of the blue core galaxies based on
its WFPC2 (B−R) colors in previous work (Yang et al.
2006); however, EA01B is not counted as a blue core
galaxy in this paper because its color profile does not
have a break radius.
Though the origin of blue cores is not fully understood,
they are common in early-type galaxies at higher red-
shifts (z & 0.5), when field spheroids are presumably still
assembling. For example, 30% of the morphologically-
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Fig. 8.— Distribution of the E+A color gradients ∆(B −
R)/∆log r. The solid and shaded histograms represent the gra-
dients measured from the two-line fits and single line fits, respec-
tively. Most E+A galaxies have positive color gradients, i.e., the
color becomes redder as the radius increases. Note that there are
some very steep [∆(B − R)/∆log r > 0.6] color gradients due to
the blue cores. The dashed curve represents the distribution of
the color gradients of local E/S0s (Wise & Silva 1996) with arbi-
trary normalization. E/S0s have a narrow range of color gradients
[∆(B − R)/∆log r = −0.09 ± 0.06]. These color gradients are in-
terpreted as being the result of metallicity gradients.
selected elliptical galaxies in the Hubble Deep Field
North have color inhomogeneities, mostly due to blue
cores (Menanteau et al. 2001). Treu et al. (2005) find
that∼ 8% (14/165) of early-type spheroidals in the Great
Observatories Origins Deep Survey North (GOODS-N)
have blue cores. Lee et al. (2006) also find “blue clumps”
in almost half of the early-type galaxies with blue colors
in the GOODS North and South fields. The blue-core
E+As in our sample have relaxed morphologies and bulge
fractions of 0.2 − 0.6. Given that the CA classification
scheme identifies these galaxies as early type galaxies,
the blue-core E+As would be classified as early-types if
they were observed at high redshift. Therefore, these
blue core E+A galaxies might be the local analog of the
blue core spheroids often found at high redshift. The
importance of blue core E+As for better understand-
ing galaxy-galaxy mergers and the origin of the black
hole mass-bulge velocity dispersion relation for galax-
ies (M• − σB ; Ferrarese & Merritt 2000; Gebhardt et al.
2000) is described by Yang et al. (2006).
4.3. Evolution of Color Gradient
It is now well established that E/S0s in the local Uni-
verse have negative color gradients [∆(B −R)/∆log r =
−0.09± 0.06 mag dex−1 in Fig. 8], which originate from
their metallicity gradients; their stellar populations be-
come more metal rich and redder toward the center (e.g.,
Tamura et al. 2000). If E+As evolve into E/S0s, how
can their diverse color morphologies converge into such
a narrow range of color gradients within a few Gyr? In
particular, is it possible that the observed positive color
gradients invert into the negative color gradients typical
of early-types?
For those E+As whose negative color gradients arise
from dust, it is difficult to determine the underlying color
gradients without incorporating radiative transfer calcu-
lations (Wise & Silva 1996). Nor do we know how the
dust content will evolve. However, were the dust in these
E+As to disperse somehow, the negative color gradients
[∆(B − R)/∆log r . −0.3] would flatten and be more
consistent with those of E/S0s.
For those E+As with positive color gradients — which
are most of the sample — the centralized starburst will
naturally lead to metallicity and color gradients if the
young stellar populations are more metal rich than the
underlying old populations. Although violent mixing
during the merger could dilute any previously established
metallicity gradients, numerical simulations suggest that
metallicity gradients might be regenerated by central-
ized star formation (Mihos & Hernquist 1994; Kobayashi
2004).
To investigate the evolution of the color gradients of
E+As quantitatively, we take the current color gradi-
ents and evolve the stellar populations using simple as-
sumptions. We assume that the current color gradients
are due solely to burst-strength gradients and that the
young populations are coeval, i.e., that the last star-
burst was instantaneous. We adopt a uniform metal-
licity (Zold = 0.004) for the old population, and consider
Zyoung = 0.02 and 0.05 for the young population. Then,
for each galaxy, we choose a single post-burst age (the
time since the starburst ended) that produces the whole
range of colors observed in that galaxy, and derive the
burst strength profile that reproduces the color profile.
As older post-burst ages are selected, the burst strength
gradient increases for a given color, and therefore larger
metallicity gradients are introduced. We evolve these
stellar populations passively for 5 and 10 Gyr ignoring
further dynamical evolution, and measure the resulting
color gradients.
In Figure 9, we show the color gradient evolution for
two E+As with positive gradients (EA03 and 10) and
for two with blue-cores (EA16 and 17). The solid and
the dashed lines represent the current color profiles and
their subsequent evolution, respectively. Taking into ac-
count measurement errors, we show the range of color
profiles after 5 and 10 Gyr with the solid and hatched
regions, respectively. We adopt Zyoung = 0.02 for EA03
and EA16 (left panels), and Zyoung = 0.05 for EA10 and
EA17 (right panels).
In these examples, the positive color gradients can in-
vert within ∼ 5 Gyr and evolve to a color gradient range
[−0.05 < ∆(B−R)/∆log r < −0.16] consistent with that
of E/S0s. Larger metallicity differences between the old
and young stellar populations and older post-burst ages
will result in steeper metallicity and color profiles after
5–10 Gyr. While it is hard to predict the true color gra-
dient evolution of the E+As without exact knowledge
of the post-burst ages and metallicities, our calculation
shows that the current color profiles, most likely arising
from a centralized starburst during a galaxy-galaxy tidal
interaction or merger, can evolve into those of early-type
galaxies.
5. E/S0 SCALING RELATIONSHIPS AND E+AS
In previous sections, we have shown that some as-
pects of E+A morphology (B/T , concentration C, Se´rsic
index n) are consistent with those of current early-
type galaxies. We have also presented models or ar-
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Fig. 9.— Examples of color gradient evolution for two E+As with positive gradients (EA3 and 10) and for two blue-core E+As (EA16
and 17). The solid and dashed lines represent the current color profiles and the subsequent evolution, respectively. The ranges of color
profiles after 5 and 10 Gyr are represented with solid and hatched regions, respectively. We adopt Zyoung = 0.02 for EA03 and EA16 (left),
and Zyoung = 0.05 for EA10 and EA17 (right). The chosen burst ages (tburst) can produce the whole range of colors in each galaxy. The
positive color gradients in E+As can be inverted within ∼ 5 Gyr, evolving into a range [−0.05 < ∆(B − R)/∆log r < −0.16] consistent
with that observed for E/S0s.
guments in which other aspects now inconsistent with
current early-type properties (blue cores, tidal features,
and positive color gradients) could, via evolution, be-
come consistent with the properties of current early-
type galaxies. To further investigate whether E+A
galaxies truly evolve into present-day early-types after
a few Gyr, when the discrepant morphological features
might disappear, we test whether E+As will eventu-
ally lie on the various scaling relationships of early-
type galaxies. For example, Tacconi et al. (2002) and
Rothberg & Joseph (2006) show that late-stage ultra-
luminous infrared galaxy (ULIRG) mergers and optically
selected merger remnants (other possible progenitors of
present-day E/S0s) are located very close to or on the
K-band Fundamental Plane (FP) of early type galaxies.
We start with the simplest forms of the scaling relations,
i.e., the Faber-Jackson relation (FJR; Faber & Jackson
1976) and the Kormendy relation (KR; Kormendy 1977).
5.1. Faber-Jackson and Kormendy Relations
In Figure 10, we show the Faber-Jackson relation
(L−σ4) and the Kormendy relation (re−〈µe〉) of E/S0s
in comparison to those of E+As. We draw the E/S0
comparison sample from Jørgensen et al. (1996), because
their photometric bands (Gunn r and B band) closely
match our HST WFPC2 and WFC filters. For the
E+As, we adopt the velocity dispersions of the old com-
ponents (σold) from Norton et al. (2001). To disentangle
the kinematics of the young and old stellar populations,
Norton et al. (2001) simultaneously fit the velocity pro-
file and the relative contributions of different stellar com-
ponents using longslit (1.5′′× 6.6′′aperture) spectra. For
three E+As (EA06, EA17, and EA18), we have only up-
per limits on σold, because a large fraction of the light is
contributed by a young A-type population (fA in N01)
and thus the velocity dispersion of the old K-type pop-
ulation is not measured reliably. Although we include
these galaxies in Figures 10 and 12, we exclude them
from the following analysis. For the structural param-
eters, we adopt re, 〈µe〉 and the total magnitude Mtot
from our de Vaucouleurs fit (Figure 11). While a single
de Vaucouleurs profile is not an ideal fit/model for com-
plex morphologies (e.g., EA02) and/or for disky systems
(EA09 and EA17), we justify the choice of re from the
r1/4 fits as a simple measurement of the half light radius
of the galaxy. Indeed, we find that the luminosity within
re given by the r
1/4 GALFIT fit agrees with a circular
aperture measurement of the half light radius to within
10–20%.
We reproduce Norton et al. (2001)’s result that there
is a strong correlation between E+A magnitude and ve-
locity dispersion, and find that it is roughly parallel to
the E/S0 Faber-Jackson relation with some offset (left
panels in Figure 10). This relation implies that E+A
galaxies already harbor dynamically relaxed old popu-
lations and that they are pressure-supported systems.
While Norton et al. (2001) had to perform several steps
to transform the LCRS Gunn/Kron-Cousins magnitude
into Gunn r magnitude to compare the properties of
E+As with those of E/S0s, we determine more directly
the relative offsets between the E+As and E/S0s with
our HST photometry. We measure the offset by fitting
the L ∝ σ4 (i.e., Mtot ∝ 10 logσ) relation to the E+As
and the J96 sample.
On average, E+A galaxies are 1.31 (±0.73) and 1.64
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Fig. 10.— Faber-Jackson and Kormendy relations for E+A galaxies in the B (bottom) and Gunn r bands (top). The small squares
and large circles represent cluster E/S0s in the J96 sample and our E+As, respectively. The large filled squares are the E+As for which
we have only an upper limit on the velocity dispersion of their old stellar population, σold from N01. In the left panels, the solid and
dot-dashed lines represent the best-fit Faber-Jackson relations (L ∝ σ4) for E+As and E/S0s, respectively. On average, E+A galaxies are
1.31 (±0.73) and 1.64 (±0.71) mag brighter than E/S0s in the Gunn r and B bands. In the right panels, the solid and dot-dashed lines are
the Kormendy relations with fixed slope for E+As and E/S0s, respectively. The average offsets between E+As and E/S0s are 0.98 ± 0.45
and 1.57 ± 0.52 mag in r and B, respectively. The dashed line is the boundary set by the limiting magnitude. The dotted line is the
sharp physical boundary that divides the plane into the E/S0s and the so-called exclusion zone where dynamically relaxed systems are not
allowed (Bender et al. 1992).
(±0.71) mag brighter than the E/S0s in the Gunn r
and B bands, respectively. This offset in Gunn r is
almost twice as large (∼ 0.6 mag) as that derived by
Norton et al. (2001). This difference arises not only be-
cause we use improved photometry and magnitude trans-
formations, but also because the functional forms used
to calculate the offset are different.
These offsets can be interpreted as either that E+As
have an elevated luminosity for a given velocity disper-
sion or that they have an unusually low velocity disper-
sion at a given luminosity. To investigate which interpre-
tation is more correct, we compare E+As to E/S0s on the
purely photometric scaling relation, i.e., the Kormendy
(1977) relation (hereafter KR), between the effective ra-
dius (re) and the mean surface brightness within re. The
right panels in Figure 10 show the KRs for the E+As and
E/S0s, the latter of which is corrected from the original
KR Kormendy (1977) by assuming an average color, B−r
≃ 1.20 (Fukugita et al. 1995). The slope of the relation
is known to be insensitive to the band. For example,
Hamabe & Kormendy (1987) find a slope of 2.98 in the
V band compared to 3.02 in the B band.
In the KR plane, most of E+As, except for a few disky
ones, have a higher surface brightness than E/S0s at a
given effective radius. The average offset between E+As
and E/S0s is 0.98 ±0.45 and 1.57 ±0.52 mag in r and
B, respectively. The offsets appear to increase as the
galaxies become smaller; roughly half of the E+As do
not overlap with the B and r band E/S0 loci. The lower
boundary (dashed line) of the E/S0 region is set by the
limiting magnitude of Mr ≃ −20.45. The upper bound-
ary is not due to selection effects (see §5.3). Because
the surface brightness offsets in the KR are consistent
with the magnitude offsets obtained from the FJR, we
conclude that elevated luminosities, probably due to the
recent star formation, are responsible for the offsets of
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Fig. 11.— Light profiles of E+As with a single r1/4-law fit (dark lines). The thick dot-dashed lines are the best fits. The structural
parameters (re and 〈µe〉) from the single de Vaucouleurs profiles fits are used to construct the FP of E+A galaxies.
the E+A scaling relations, rather than unusually low ve-
locity dispersions. While the FJR and KR suggest that
roughly one magnitude of fading may bring E+As down
to the E/S0 scaling relations, the large scatter makes
such an analysis difficult.
5.2. Fundamental Plane
The fundamental plane, hereafter FP, is an empirical
scaling relation between the effective (or half-light) ra-
dius re, the central velocity dispersion σ, and the mean
surface brightness 〈Ie〉 within re for early type galaxies
(Djorgovski & Davis 1987; Dressler 1987). Although the
physical origin of the FP is not fully understood, both
cluster and field early-type galaxies follow this relation
with remarkably small scatter (e.g., ∼ 0.1 dex in log re in
the Gunn r band; J96), and an extension of this formal-
ism appears to fit all spheroids ranging from Galactic
dSph galaxies to the intracluster stellar component of
galaxy clusters (Zaritsky et al. 2006).
To examine the FP of E+As and compare it with that
of E/S0s, we adopt the definition and methodologies of
Jørgensen et al. (1996) (see also Kelson et al. 2000). The
fundamental plane is defined as
log re = α log σ + β log 〈Ie〉+ γ , (4)
where re, σ, and 〈Ie〉 are the effective or half-light radius
in kpc, central velocity dispersion in km s−1, and mean
surface brightness within re in units of L⊙pc
−2. For the
E+A structural parameters, we adopt re and 〈µe〉 from
the single de Vaucouleurs fits to our HST images (Fig-
ure 11). We transform the mean surface brightness in
our HST bands into Gunn r and Johnson B using our
transformation relations (eq.1) and the coefficients in Ta-
ble 2. We convert to units of L⊙pc
−2 using the relation
〈Ie〉 = −0.4(〈µe〉 − constant), where the constants are
26.4 and 27.0 for Gunn r and Johnson B magnitudes,
respectively. We do not apply a color-dependent correc-
tion to re, because the E/S0 FP is only weakly sensitive
to color (Pahre et al. 1998; Bernardi et al. 2003).
5.3. Location of E+As on the FP
We show the location of our E+As on various pro-
jections of the J96 FP in the Gunn r and B bands in
Figure 12. Figures 12a and 12c present the face-on view
of the E/S0 FP in r and B, respectively. The dashed
line is the boundary set by the limiting magnitude of
Mr ≃ −20.45, which corresponds to the constant mag-
nitude line (dashed line) in 10b and 10d. The boundary
set by the dotted line divides the plane into the E/S0 FP
and the so-called zone of exclusion (ZOE), where dynam-
ically relaxed systems do not reside (Bender et al. 1992).
The physical origin of this boundary is not fully under-
stood, although it might correspond to the upper limit
of the velocity dispersion function of early-type galax-
ies (σ . 350 km s−1; Treu et al. 2006). In the face-on
projection, E+As span the same region defined by the
normal early-type galaxies in the r band; however, half
of our E+As violate the zone of exclusion in the B band.
We plot vectors parallel to the FP parameters to find out
which parameters drive this shift in the r band. E+As
are shifted from the E/S0s along the direction of increas-
ing 〈Ie〉, as we concluded earlier from the Kormendy rela-
tion. Given that E+As already populate the same region
as E/S0s in the r band and that the 〈Ie〉 offset is larger
in B, this violation of the ZOE must be due to the tem-
porary increase of the surface brightness caused by the
recent starburst.
Figures 12b and 12d present the edge-on projection of
the E/S0 FP, defined as x = log re and y = αlog σ +
βlog 〈Ie〉, in r and B, respectively. In this projection,
E+As are distinct from E/S0s. The existence of a tight
correlation among E+As indicates that they follow their
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Fig. 12.— Face-on and edge-on projections of the fundamental plane in the B (bottom) and r (top) bands. The small squares and
large circles represent the E/S0s in the J96 sample and our E+As, respectively. The large filled squares are the three E+As (EA06, EA17,
and EA18) that have only upper limits on σold from N01. Of all the sample galaxies, these three E+As have the largest light fraction
contributed by the young A-type population (fA in N01). (a)(c) Face-on projection of the FP. The dashed line is the boundary set by the
limiting magnitude. The dotted line is the sharp physical boundary that divides the plane into the E/S0 FP and the so-called exclusion
zone where dynamically relaxed systems are not allowed (Bender et al. 1992). (b)(d) Edge-on view of the FP. The solid and dot-dashed
lines represent the best-fit planes for E+As with and without fixed slopes (α, β), respectively. E+As follow their own scaling relations and
have significant offsets from the E/S0s.
own scaling relation. The large offset between the E/S0s
and E+As suggests that the E+As’ current stellar con-
tent is different. Although the mechanisms that trigger
the E+A phase and stop star formation are not fully un-
derstood, any model must be able to explain the relative
tilt and offset of the E+A FP. In the following section,
we discuss how the observable properties are related to
physical ones, such as mass-to-light ratio M/L, and pos-
sible interpretations of the tilt and offset.
5.3.1. FP Offsets: Evolution of the FP Zero Points
E+A galaxies stand apart from the E/S0 FP in the
edge-on projection (Figures 12b and 12d). The difficulty
in interpreting this difference is that any, or all, of the
three plotted parameters or the implicit parameter,M/L,
may be evolving as the E+A evolves. The simplest op-
tion is to assume that only M/L evolves. In this case,
the offset between the two populations can be directly
related to a difference in M/L ,
∆log
M
L
=
∆γ
β
, (5)
where the FP offset ∆γ is measured from the difference
between the intercepts of two parallel lines in Figures
12b and 12d. We find ∆γ = −0.47 ± 0.12 in the Gunn
r band, which implies ∆log (M/L) = −0.57 ± 0.14. In
other words, E+As have, on average, a M/L that is 3.8
times smaller than that of E/S0s. Note that this aver-
age offset has a smaller error than the offsets measured
from the FJR and KR. However, as we have shown previ-
ously in §4, the structural properties are affected by the
E+A phase (the color gradients are altered, some E+As
have blue cores) and so assuming that only M/L evolves
cannot be completely correct. Our expectation is that
re will be smaller in E+As because of the centrally con-
centrated star formation, and hence that re will increase
(and 〈Ie〉 decrease) as the E+A evolves, leading to a com-
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plex evolution on the FP. Therefore, the M/L difference
discussed above is the minimum amount of fading that
E+As should experience to settle onto the E/S0 locus.
By examining the tilt of the FP, and other projections
of the scaling laws, we explore whether we can proceed
beyond this simple model and the potential complexity
of evolution on the FP.
5.3.2. FP Tilts: Variation of M/L along the FP
Given the range of possible evolutionary paths on the
FP, it is rather surprising that there is a tight relation
for E+As on the E/S0 FP edge-on projection. Fur-
thermore, the difference appears to be both a relative
shift and a tilt. To measure the relative tilt of E+As
with respect to E/S0s, we find the best-fit plane in
the form of equation 4 through the E+As using an or-
thogonal fitting method that minimizes the normal dis-
tances to the plane. We adopt this fitting method to
enable direct comparison with the fits from J96. J96
find α = 1.24±0.07, β = −0.82±0.02 for Gunn r and
α = 1.20±0.06, β = −0.83±0.02 for Johnson B using
226 and 91 cluster galaxies, respectively. Using 16 E+A
galaxies2 and taking an equal weight for each galaxy, we
find that the best-fit FPs are
re ∝ σ1.13±0.10〈Ie〉−0.62±0.0710−0.08±0.10 (6)
re ∝ σ1.09±0.08〈Ie〉−0.59±0.0610−0.11±0.07 (7)
for the Gunn r and Johnson B bands, respectively. The
errors in α, β, and γ are estimated using the bootstrap
method. The rms scatter around these planes is 0.10 and
0.10 in log re for Gunn r and Johnson B, respectively.
The parameters (α, β, γ) for Gunn r and Johnson B
agree within the uncertainties, because the FP param-
eters are generally not highly sensitive to the bandpass
(J96). Therefore, we adopt the (α, β, γ) derived us-
ing the Gunn r data in the following discussion. While
α = 1.13 for the E+A FP agrees to within the errors
with that of the E/S0 FP (α = 1.24) (the E+A FP
is still viewed edge-on in the projection in Figure 12b),
β = −0.62 for the E+As is ∼ 3σ discrepant from that
of the E/S0s (β = −0.82). In the context of interpreting
differences between the FPs as primarily due toM/L, the
tilt implies a mass dependence. A similar tilt of the FP
of merger remnants is observed relative to the K-band
E/S0 FP (Fig. 1; Rothberg & Joseph 2006).
The tight correlation within the E+A FP suggests that
M/L is correlated with the structural parameters. The
scatter around the plane appears to be comparable to the
typical scatter of E/S0 FPs (∼ 0.1 dex). Does this mean
that E+As, many of which are clear merger remnants,
settle into a relaxed state on a short timescale? Or is it
possible that the correlation is the result of a selection
effect? Our selection of galaxies with strong Hδ absorp-
tion tends to choose galaxies with stronger bursts and/or
the younger ages; therefore it is possible that our sample
represents only a certain part of the FP, i.e., near the
exclusion zone. To address this issue, a larger sample of
E+As covering a wider range of Hδ strengths is required.
Using the best fit FP parameters, M/L for E+As can
2 This excludes EA01AB, 07, 17 and 18 which do not have a
measured σold.
Fig. 13.— Correlations between the deviation of M/L from
E/S0s for individual E+As and the (B−R) color, dynamical mass,
Se´rsic index n, velocity dispersion of the old stellar population σold,
and the effective radius re. The squares and circles represent pa-
rameters from the B and R bands, respectively. ∆M/L is tightly
correlated with (B − R) color, but not with n or σ. We conclude
that the tilt, i.e. the variation of M/L along the E+A FP, is mostly
due to stellar population variations. E+As with smaller effective
radii have younger stellar populations, on average, and therefore
smaller M/L.
be expressed as
M/L ∝M0.1r0.4e , (8)
compared with M/L ∝ M0.24r0.02e for E/S0s. Unlike in
the E/S0 FP, where M/L is a function mostly of mass,
M/L for E+As depends on the effective radius as well
as the mass of the system. E+As with smaller effec-
tive radii have smaller M/L, possibly resulting from a
stronger burst and/or shorter time elapsed since the star-
burst. Because M/L is proportional to (re〈Ie〉)−1 at a
fixed velocity dispersion, one might expect that a smaller
re would lead to a larger M/L, but the observed trend is
the opposite. Therefore, the surface brightness of E+As
must increase faster than the mass or size of the galaxy
decreases. This inference is consistent with the observed
KR (Figure 10), in which 〈µe〉 deviates further from the
E/S0 relation for E+As with small effective radii.
If M/L does indeed vary among E+As, then one might
expect a correlation between the deviation of M/L from
E/S0s and the color of the galaxy. In Figure 13, we plot
∆M/L against (B − R) color, and against other param-
eters (mass, re, Se´rsic n, and σold). We find a strong
correlation between ∆M/L and color, but no significant
correlation with n or σ. A Spearman rank test shows
that only (B − R) color correlates with ∆M/L at a sig-
nificance level higher than 99.5% for both the r and B
bands. We conclude that the tilt, i.e., the variation of
M/L within the E+A FP, does reflect a real variation
of the stellar population. E+As with smaller effective
radii have younger stellar populations, on average, and
therefore, smaller M/L.
The remaining question is what does the small re phys-
ically represent? Does it indicate that the intrinsic size
of the galaxy is small or that there was a strongly con-
centrated starburst? We compare the effective radii in
B and r to address these questions. In blue-core E+As
or E+As with the positive color gradients (∼ 75% of
E+As), the effective radius tends to be smaller in the B
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band (reB) than in the r band (reR). In these galaxies, it
is likely that reB will eventually become close to reR as
the light from the young stars in the central region fades
and the color gradients flatten. However, most galaxies
have fairly small differences, |log reB − log reR| < 0.30,
which is clearly not enough to produce the tilt observed
over two orders of magnitude in effective radius.
To further test whether intrinsically small galaxies
have smallerM/L’s, we repeat the orthogonal fitting, but
this time exclude galaxies with |log reB− log reR| > 0.15,
i.e., for which the two effective radii differ by more than
25%.3 For this subsample, the color gradients are mod-
erately flat and there is little dust, so strong evolution
in the effective radius due to stellar evolution is unlikely.
The fitting of this subsample results in the same FP slope
as for the full sample, implying that intrinsically small
and therefore less massive galaxies have smaller M/L ra-
tios.
Blue-core galaxies analogous to our blue core E+As
(§4.2) are found among early-type galaxies at high-z
(van Dokkum & Ellis 2003; Treu et al. 2005), and their
rest-frame B-band M/L is estimated to be much smaller
(roughly 4×) than that of normal E/S0 galaxies at the
same epoch. As a cautionary note, we examine how
the difference between the blue and red re affects the
measurement of M/L , especially for blue core galaxies.
When we use the blue re to deriveM/L for our blue core
E+As, we find that M/L can be biased low by a factor
of 1.25 to 5.5 relative to that derived using the red re.
5.3.3. Will E+As Evolve into E/S0s?
In summary, the scaling relations of E+As demon-
strate that their stellar populations are currently dif-
ferent from those of E/S0s. This conclusion is drawn
from the FP parameters (σ, re and µe) in one photo-
metric band, and therefore is derived independently from
our spectroscopic knowledge that E+A galaxies have sig-
nificant A-type populations. The surprising finding is
that among E+As, the variation of stellar populations is
closely tied to the structural parameters, i.e., E+As fol-
low their own scaling relationships such that smaller or
less massive galaxies have a smaller M/L. Such a trend
arises naturally within a merger scenario, where low mass
galaxies (the progenitors of low-mass E+As) have higher
gas fractions (Young & Scoville 1991) and could produce
relatively larger populations of young stars.
Will E+As fade onto the fundamental plane of E/S0
galaxies after a few Gyr? This question is difficult to an-
swer fully due to the complex interplay between galaxy’s
dynamical evolution and the evolution of its stellar pop-
ulations. However, if we ignore the dynamical evolu-
tion, we can estimate the amount of fading using a stel-
lar population synthesis model (Bruzual & Charlot 2003,
BC03). We adopt a simple star formation history for
the E+As: a single instantaneous starburst on top of
an underlying 10 Gyr old single burst population. Both
populations have Salpeter IMFs and solar metallicities.
The largest uncertainties in determining the amount of
fading and the time required for settling onto the E/S0
FP are the unknown post-burst age (the time elapsed
3 We boost the statistics of this test by combining the B and
R band sample assuming the same FPs parameters for both bands
(see §5.3.2).
Fig. 14.— Time required for E+As to fade until their (B − R)
colors agree with that of 10 Gyr old simple stellar population as a
function of burst fraction and post-burst age. From left to right,
the contours represent fading times of 3, 5 and 7 Gyr, respectively.
The lined region represents galaxies that would be classified as
E+As according to the Zabludoff et al. (1996) selection criteria
(average Balmer equivalent width 〈Hβγδ〉 > 5.5A˚). The shaded
region shows galaxies that will fade by their observed offsets from
the E/S0 fundamental plane (∆Mr = 1.42±0.36 mag) for the given
burst fraction and post-burst age. This fading time lies between 3
and 7 Gyr, indicating that E+As with reasonable post-burst ages
(100 – 700 Myr) and burst fractions (7 – 50%) can evolve into
E/S0s within ∼ 5 Gyr.
since the burst) and burst strength (the fraction of the
stellar mass produced during the starburst). Because
we are unable to break the degeneracy between post-
burst age and burst-strength for this sample (see, how-
ever, Yang et al. 2008, in prep.), we test whether the
required fading time is reasonable for the galaxies whose
post-burst ages and burst strengths are consistent with
the FP offset (1.42 ± 0.36 mag in Gunn r). For vari-
ous post-burst ages and burst fractions in Figure 14, we
calculate how much the galaxies should fade and how
long it will take from the given post-burst age until their
(B−R) colors agree with that of a 10 Gyr old simple stel-
lar population, i.e., until they become E/S0s. The lined
region in Figure 14 shows the post-burst ages and burst
fractions that would satisfy the E+A selection criteria
adopted by Zabludoff et al. (average Balmer equivalent
width 〈Hβγδ〉 > 5.5A˚). The shaded region represents
those galaxies that will fade by ∆Mr = 1.42 (±0.36)
mag until their (B − R) colors match the 10 Gyr old
population i.e., those E+As whose M/L’s are consistent
with the observed FP offsets. This shaded region illus-
trates the degeneracy between the post-burst ages and
burst strength: old/strong and young/weak bursts both
explain the observed FP offsets. We also show the re-
quired fading time (3, 5, and 7 Gyr) with contours. The
shaded region falls between 3 and 7 Gyr, indicating that
E+A galaxies with reasonable post-burst ages (100 – 700
Myr) and burst fractions (7 – 50%) will settle onto the
E/S0 FP after ∼ 5 Gyr.
6. YOUNG STAR CLUSTERS
The properties of star cluster systems in early type
galaxies, e.g., the color bimodality, provide important
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Fig. 15.— Distribution of the number of point sources in ran-
dom beams sampling the ACS fields of the five E+As (EA07, 08,
11, 15, 18) with a significant (> 90% confidence level) excess of
surrounding sources. In each field, the beam size corresponds to a
20 kpc radius at the E+A’s redshift. In each panel, arrows repre-
sent the number of cluster candidates within this radius centered
on the E+A. The overlayed dashed line is the Poisson distribution.
clues for how the host galaxies formed and how they
assembled their stellar content over time (see the re-
cent review by Brodie & Strader 2006). If many or
all E+A galaxies result from galaxy-galaxy close in-
teractions or mergers, as suggested here and in previ-
ous work (Zabludoff et al. 1996; Yang et al. 2004, 2006;
Blake et al. 2004; Tran et al. 2003, 2004; Goto 2005),
and evolve into E/S0s, as we argue in this paper, the
photometric properties of their cluster systems should
be consistent, to within evolutionary corrections, with
those of early types. In the WFPC2 sample, we discov-
ered young star clusters around four E+As4 (Yang et al.
2004). These clusters are much brighter than Galactic
globular clusters and have blue colors consistent with
ages estimated roughly from the E+A galaxy spectra
(. Gyr). Our new ACS observations of the remaining
LCRS E+As also reveal a number of point-like sources
surrounding the galaxies. In this section, we first present
the evidence that these are newly-formed star clusters,
then investigate whether their colors and luminosities are
consistent with being created concurrently with the burst
that generated the young stars in the E+As, and finally
test whether these cluster systems can evolve into the
globular cluster systems of present-day E/S0s.
6.1. Detection and Photometry of Cluster Candidates
To detect cluster candidates, we use SExtractor
(Bertin & Arnouts 1996) on both the original and model-
subtracted residual R band images (Fig. 2). After test-
ing various selection criteria and visually inspecting the
detected point sources, we require that cluster candidates
have at least 4 adjacent pixels whose flux in each pixel is
at least 3σsky larger than the local sky value, where σsky
is the root mean square (rms) of the local sky values es-
timated using a background mesh size of 4–8 pixels in
SExtractor. We use the residual images to find compact
sources within the galaxies, where the rapidly varying
galaxy surface brightness prevents the reliable detection
of sources in the original images. We choose to lower the
4 EA01A, 02, 03, 04
detection threshold to 2.5 σsky for the residual images,
because σsky is inflated by the residual galaxy light. From
this initial source list, objects with an apparent magni-
tude mR < 22, elongation ε > 1.7, and isophotal area
A > 36 pixels are rejected as possible foreground stars
or background galaxies.
Because clusters are expected to be unresolved at
the distance of our E+A galaxies (∼ 100 pc per pixel
at z ∼ 0.1), contamination from background galaxies,
foreground stars, hot pixels, and residual cosmic-rays
could be problematic. Therefore, we run a statistical
test to determine whether there is an excess of com-
pact sources near each E+A. First, we build a control
sample of cluster-like sources from the entire ACS field
(∼200′′×200′′) outside of a 20 kpc radius from the E+A
using the same selection criteria. Then we calculate the
distribution of the number of the sources within circular
beams of 20 kpc projected radius at random positions in
the ACS field outside a 20 kpc radius from the E+As.
If there are significantly more cluster candidates within
the 20 kpc beam centered on the E+A than in the ran-
dom beams, then it is likely that these are true compact
objects associated with the E+A. We test various beam
sizes, e.g., fixed angular size versus physical size, and find
that our conclusions are insensitive to this choice.
Five E+As (EA07, 08, 11, 15, 18) have an excess of
associated point sources at a confidence level greater
than 90%. We show the number of cluster candi-
dates found near the E+As relative to the distribu-
tion found within random beams in Figure 15. Be-
cause of the post-starburst nature of E+As and the
merger signatures clearly seen in EA07, 11, and 18, it
is likely that these sources are the newly formed star
clusters often found in on-going mergers (The Anten-
nae; Whitmore & Schweizer 1995) and merger remnants
(NGC7272; Whitmore et al. 1993).
To test whether the colors and luminosities of these
cluster candidates are consistent with a merger origin
and with evolution into the globular cluster populations
of E/S0s, we measure aperture magnitudes in the B and
R band images. Because many cluster candidates are
located within the galaxy, where there is a rapidly vary-
ing effective background, obtaining reliable photometry
is difficult. We first subtract the background galaxy light
by fitting 7th order polynomials to the background, ex-
cluding the cluster itself, within a 11×11 pixel box cen-
tered on the point source. We then add a flat background
that has the same mean as the fitted background to pre-
serve the noise properties. Finally, we measure magni-
tudes within a 2 pixel radius. Because the uncertainties
in the measured magnitudes and colors transfer directly
to those in the derived ages, we estimate photometric
errors using artificial cluster tests. We place one thou-
sand model star clusters with known brightness into the
relevant parts of the images and repeat our procedure.
We find that if the model cluster is detected, the mag-
nitude error due to the background subtraction is nearly
insensitive to the underlying average sky value and de-
pends mostly on the brightness of the cluster. Typically,
the magnitude uncertainty is ∼0.25 mag down to mR =
26.5.
6.2. Luminosity Functions and Ages of the Star
Clusters
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Fig. 16.— Cluster luminosity functions for the four E+As (EA01,
07, 15, 18) that have more than five clusters with measurable colors.
The bluest (and perhaps youngest) galaxy is at the top, the reddest
galaxy at the bottom. The solid lines are the LFs for the cluster
candidates projected within 30 kpc of the host galaxy. These LFs
are incomplete fainter than about the middle of their range. The
shaded histograms are for the clusters with measured colors. The
LFs of Galactic GCs and the merging galaxy NGC3597 are repre-
sented with dashed and dot-dashed lines, respectively. The clusters
in the E+As are much brighter than the Galactic globular clusters
(MR . −11) but consistent with the bright end of the NGC3597
cluster LF, suggesting that these compact point sources are the
population of star clusters formed during the starburst. The lumi-
nosity of the brightest clusters decreases as the color of the host
galaxy reddens, suggesting a fading trend with age. The shaded
regions are the globular cluster LFs of E/S0s that are evolved back-
ward to the epoch of the E+A phase. The LFs of the cluster can-
didates fall in the shaded region, indicating that they could evolve
into the globular cluster population of early-type galaxies.
In Figure 16, we present the luminosity functions (LFs)
of cluster candidates in the four E+As (EA01A, 07, 15,
18) that have more than five clusters with measurable
colors (σB−R < 0.35 mag) within a 30 kpc radius
5. The
LFs of Milky Way globular clusters (Harris 1996) and
clusters in a merging galaxy (NGC 3597; Carlson et al.
1999) are also shown in the top panel for comparison.
The thick solid lines and the shaded histograms repre-
sent all E+A cluster candidates within 30 kpc and only
those with measured colors, respectively. The detected
clusters in the four E+As are generally much brighter
than Galactic globular clusters (MR . −11), but con-
sistent with the bright end of the NGC3597 cluster LF,
suggesting that these compact point sources are a popu-
lation of star clusters formed during the starburst.
More interesting is that the bright end of the LFs be-
comes fainter as the EA number increases, i.e., as the
host E+A becomes redder. Furthermore, we are able
to detect a cluster population more often in E+As with
smaller EA number. We can reject with ∼90% confi-
dence that the distribution of E+As with cluster pop-
5 We adopt a 20 kpc radius for the random beam test to deter-
mine if cluster candidates exist, but we analyze all cluster candi-
dates within a 30 kpc radius to include as many cluster candidates
as possible.
ulations (EA01A, 02, 03, 04, 07, 08, 11, 15, 18) is ran-
dom. All nine of these E+As exhibit tidal features or dis-
turbed morphologies (§A.1). These trends suggest that
the newly-formed young star cluster systems fade or dis-
rupt as the merger remnant ages and morphologically re-
laxes. If E+As evolve into E/S0s, we expect these cluster
systems to become part of the globular cluster systems
of E/S0s.
To pursue these suggestions, we determine the ages of
individual clusters by comparing the cluster colors with
predictions from stellar population synthesis models. In
Figure 17, we show the (B − R) evolution for star clus-
ters derived from a BC03 model and the colors of the star
clusters found in three E+As (EA07, 15, 18). We also
reproduce Figure 10 from Yang et al. (2004) for the clus-
ters in EA01A for completeness. To avoid uncertainties
in the K-correction and the magnitude transformation
due to the unknown SED, we calculate the redshifted
(B435−R625) color evolution using the spectra provided
by the BC03 stellar synthesis model. We assume an
instantaneous stellar population with a Salpeter initial
mass function (IMF) over stellar masses ranging from 1
to 100 M⊙ and solar metallicity. On the model tracks
in Figure 17, we plot the observed cluster colors and the
possible age ranges due to the photometric errors (shaded
region). We include only clusters with color uncertainties
less than 0.35 mag. The ages of individual clusters are
consistent with what one expects from the E+A spectra:
older than ∼10 Myr (the lack of emission lines associ-
ated with massive OB stars) but younger than ∼ Gyr
(the presence of strong Balmer lines due to A stars).
To use the clusters to derive the time since the star-
burst, when the majority of the clusters and the young
galactic stars formed, we apply a statistical test assum-
ing that all star clusters formed during a single burst
and therefore that their spread in observed color arises
only from measurement errors. Details of the post-burst
age estimation and statistical tests of the coeval assump-
tion are described in Appendix B. We show the post-
burst age inferred from the clusters as horizontal bars in
Figure 17. EA01A, 07, 15, and 18 have post-burst age
ranges of [10Myr, 450Myr], [100Myr, 1.5Gyr], [150Myr,
1Gyr], and [400Myr, 1Gyr], respectively, corresponding
to the 95% confidence level. Note that it may be pos-
sible to break the long-standing degeneracy between the
burst strength and the time elapsed since the starburst
by using individual cluster ages, because these systems
are much simpler than the composite population of the
host galaxies. However, small number statistics and low
S/N in the color measurements do not allow us to put
tighter constraints on the post-burst ages at this time.
The evolution of the cluster LFs is consistent with the
model predictions. While the uncertainties are fairly
large, the derived post-burst ages are consistent with the
E+A spectra and tend to increase with EA number, sug-
gesting that the EA numbers are roughly consistent with
a sequence of post-burst ages. In Figure 18, we show that
the evolution of the bright magnitude limit of the cluster
LF and the post-burst ages (derived from the cluster col-
ors) are consistent with the fading of a uniform cluster
mass function.
6.3. Evolution of the Cluster Population
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Fig. 17.— Evolution of the redshifted (B − R) colors of star
clusters derived from BC03 and the cluster colors from the four
E+As (EA01, 07, 15, 18) in Figure 16. For the model track, we
assume an instantaneous stellar population with a Salpeter IMF,
masses ranging from 1 to 100 M⊙, and solar metallicity. On the
model track, we show the measured cluster colors and the possible
range of ages due to the photometric errors (shaded region). Only
the clusters with color uncertainties less than 0.35 mag are included
in the age determination. The ages of clusters derived from their
colors are consistent with our expectations from the E+A galaxy
spectra: older than ∼10 Myr (the lack of the emission lines due to
the massive OB stars), but younger than ∼ Gyr (the presence of
strong Balmer lines due to the A stars). The arrows represent the
estimated post-burst age (time elapsed since the starburst) using
the methods described in §6.2. Cluster ages become older as the
EA number increases, i.e., as the host E+A becomes redder.
The remaining question is whether these young cluster
candidates can evolve into a significant part of the glob-
ular cluster systems of present-day E/S0s. Specifically,
are the current numbers of clusters in E+As consistent
with the globular cluster luminosity function (GCLFs)
of E/S0s? It has been proposed that the metal-rich
GCs in giant ellipticals formed during mergers of gas-rich
spirals, producing the bimodality of the GC subpopula-
tions (Ashman & Zepf 1992). Indeed, many young GCs
have been found in mergers (e.g., Whitmore et al. 1993),
and Goudfrooij et al. (2004) demonstrated that the LF of
intermediate-age (∼3 Gyr) GCs in NGC1316 can evolve
dynamically into the red metal-rich cluster populations
that are ubiquitous in E/S0s. Unfortunately, due to low
S/N in the color measurements and the small number
statistics of our cluster candidates, it is difficult to pre-
dict the evolution of the individual cluster systems in our
sample. Instead, we “predict” the cluster LFs of E+As
under the assumption that they are indeed the progeni-
tors of the E/S0 cluster population.
First, we assume the following form of the GCLFs, i.e.,
Fig. 18.— Evolution of the bright end of the star cluster LFs in
the four E+As (EA01A, 07, 15, 18) in Figures 16 and 17. We show
the relation between the average luminosity of the five brightest
clusters in each E+A and the post-burst age shown in Figure 17.
Dot-dashed lines represent BC03 model tracks for simple stellar
populations (SSPs) with different cluster masses (1, 2, 5 and 10 ×
106M⊙). The observed fading of the cluster LFs is consistent with
the color-derived post-burst ages.
the number of GCs per unit magnitude:
φ(MR) =
fMR√
2piσ
SN
100.4(MV +15)
exp[
−(MR −M0)2
2σ2
], (9)
where MV is the total V -band magnitude of the host
galaxy, M0 and σ are the turnover magnitude and
the dispersion of the Gaussian function, SN is the
specific frequency given by SN ≡ NGC · 100.4(MV +15)
(Harris & van den Bergh 1981), and fMR is the fraction
of metal-rich “red” clusters. Harris (2001) found that
〈SN 〉 = 3.6± 0.5, M0 = −7.4± 0.15 mag in the V -band
and σ = 1.4 ± 0.03 for local elliptical galaxies (MV .
−18).
Second, to evolve this GCLF backward to the E+A
epoch, we calculate the fading of the turnover magnitude
between an age corresponding to the E+A clusters and
that corresponding to E/S0 GCs, assuming that E/S0
GCs are 5 – 10 Gyr old. For solar metallicity and a
Salpeter IMF, a BC03 model predicts ∼ 2 mag of fading
between 1 Gyr and 10 Gyr. Note that these derived LFs
will be lower limits because we consider only photometric
evolution. For host galaxy luminosities, we adopt MV
= ME+AV + (1.3 ± 0.73), as measured from the scaling
relationships.
The “predicted” GCLFs taking into account all possi-
ble errors mentioned above are consistent with the ob-
served E+A cluster LFs (Figure 16). The most uncer-
tain parameter is the age difference between the clusters
in E+As and in E/S0s due to the fast luminosity evo-
lution around 1 Gyr. We use ages of 100 – 500 Myr
and 500 – 1000 Myr for EA01A and the other E+As,
respectively. We vary fMR between
1
3 and
2
3 . Most of
our observed LFs fall within the uncertainties (shaded
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regions), indicating that the number of clusters observed
does not violate the constraint derived from the GCLFs
of the present-day E/S0s. While it is highly uncertain
how many clusters in E+As will survive and how much
they will contribute to the metal-rich GCs in E/S0s, we
conclude that it is at least possible that young star clus-
ters in E+As can evolve into the globular cluster systems
of E/S0s.
7. CONCLUSIONS
We study the detailed morphologies of 21 E+A
galaxies using high resolution HST/ACS and WFPC2
images to investigate into what E+A galaxies will evolve
after their young stellar populations fade away in a few
Gyr. Our findings are:
1. The morphologies of E+As are extremely diverse,
ranging across train-wrecks, barred galaxies, and blue-
cores to relaxed disky galaxies. Most of these galaxies
lie in the field, well outside of rich clusters, and at least
11 (55%) have tidal or other disturbed features. Our
sample includes one binary E+A system, in which both
E+As are tidally disturbed and interacting with each
other. These results support the picture in which galaxy-
galaxy tidal interactions or mergers are responsible for
triggering the E+A phase in many cases.
2. E+As are bulge-dominated systems (median bulge
fraction B/T = 0.59) and their light is highly concen-
trated (Se´rsic index n & 5). When dust is negligible (at
least 67% of the time), E+As have high concentration
indices (C & 4.3) consistent with those of spheroids, but
considerably larger asymmetry indices (A & 0.04) than
ellipticals due to structures within a few re that presum-
ably arise from the starburst and/or recent merger. Thus
E+As would be morphologically classified as early-type
galaxies once these disturbances relax and the low sur-
face brightness tidal features dissipate or fade.
3. The color morphologies of E+As are as diverse as
their structural morphologies. A large fraction (70%)
have positive color gradients (bluer toward center), in-
dicating that their young stellar populations are more
concentrated than their older populations. We demon-
strate that evolution can invert these gradients into the
negative gradients typical of E/S0s if the inner parts of
E+As have become more metal enriched than the outer
parts due to the centralized star formation.
4. Six E+As (30%) exhibit compact (0.4–1.4 kpc) blue
cores, which might be the local analogs of the high-z ellip-
tical blue-cores (Menanteau et al. 2001). We discovered
LINERs in three of these blue-core E+As (Yang et al.
2006), and the relationship between LINERs and blue-
cores could be an important clue to what stops the star
formation in E+A galaxies.
5. E+As stand apart from the E/S0 fundamental plane
(FP) in the edge-on projection, implying that the stellar
populations of E+As are different from that of E/S0s.
E+As have, on average, a M/L that is 3.8 times smaller
than that of E/S0s. The tilt of the E+A FP indicates
that the variation of the stellar populations among E+As
is closely tied to their structural parameters, i.e., E+As
follow their own scaling relationships such that smaller
or less massive galaxies have smaller M/L. Such a trend
arises naturally within a merger scenario, where low mass
galaxies (the progenitors of low-mass E+As) have higher
gas fractions (Young & Scoville 1991) and could produce
relatively larger populations of young stars.
6. We find a population of unresolved compact sources
in at least nine E+A galaxies (45%). The colors and
luminosities of these young star cluster candidates are
consistent with the ages inferred from the E+A spectra
(0.01 – 1 Gyr). The bright end of the cluster luminosity
function fades as the host galaxy becomes redder, sug-
gesting that the newly-formed young star clusters age in
parallel to their host. This interpretation is confirmed
by the color evolution of the cluster systems.
We have now examined the full set of E+As from the
Las Campanas Redshift Survey and so have representa-
tive results for local E+A galaxies. We have used high
spatial resolution images to probe their detailed mor-
phologies. We find that their properties are either con-
sistent with those of E/S0s or, if left to evolve passively,
will become like those of early-types. The morphologies,
color profiles, scaling relations, and young star clusters
suggest that E+As galaxies are caught in the act of trans-
forming from late-type to early-type galaxies.
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TABLE 1
Properties of E+A Galaxies
IDa R.A. Dec. za Scale σold
b SFR H I mass Morphology
(J2000) (J2000) (kpc/′′) (km s−1) (M⊙ yr−1) (109 M⊙)
EA01A 11 01 19.05 −12 10 17.8 0.07463 1.42 35+39
−35 < 0.12± 0.07
c 7.7± 0.4f tidal-feature, companion, cluster
EA01B 11 01 18.39 −12 10 14.1 0.07463 1.42 · · · < 0.07± 0.03c · · · tidal-feature, companion, LINER
EA02 02 17 39.88 −44 32 47.2 0.09873 1.82 202+17
−16 < 4.4
d < 3.4f tidal-feature, dust?, cluster
EA03 12 09 5.54 −12 22 35.8 0.08109 1.53 120+22
−20 < 1.7
e < 4.2f tidal-feature, cluster
EA04 04 00 0.34 −44 35 15.8 0.10122 1.86 131+9
−9 < 3.2
d < 2.3f disturbed, dust?, cluster
EA05 01 58 1.52 −44 37 14.0 0.11731 2.12 120+7
−8 · · · · · · bar, blue-core
EA06 11 53 55.59 −03 10 36.3 0.08850 1.65 23+1
−23 < 0.10± 0.03
c · · · dust, blue-core, LINER
EA07 22 41 9.75 −38 34 34.9 0.11413 2.07 241+11
−12 · · · · · · tidal-feature, dust, cluster
EA08 14 32 3.23 −12 57 33.1 0.11222 2.04 99+8
−11 < 1.8
e · · · tidal-feature, cluster
EA09 01 17 38.28 −41 34 24.6 0.06513 1.25 74+134
−5 < 1.3
e · · · blue-core
EA10 02 11 42.96 −44 07 40.2 0.10493 1.92 121+7
−8 · · · · · · tidal-feature, companion
EA11 01 14 49.65 −41 22 31.8 0.12167 2.19 174+12
−11 < 9.6
d < 5.3f disturbed, companion, cluster
EA12 12 05 59.79 −02 54 32.4 0.09713 1.80 111+17
−18 7.9
e · · · tidal-feature, companion, dust
EA13 11 19 52.44 −12 52 39.6 0.09572 1.77 165+10
−9 < 2.1
e · · · tidal-feature, companion, dust
EA14 13 57 1.68 −12 26 48.2 0.07046 1.34 135+10
−10 < 1.5
e · · · bar, blue-core
EA15 14 40 44.26 −06 39 52.3 0.11381 2.07 125+9
−10 < 0.05± 0.02
c · · · cluster
EA16 12 19 55.69 −06 14 1.0 0.07642 1.45 93+7
−8 < 0.05± 0.02
c · · · blue-core, LINER
EA17 10 13 52.40 −02 55 47.2 0.06090 1.18 23+1
−23 < 0.06± 0.03
c < 2.9g dust, blue-core, LINER
EA18 00 22 46.79 −41 33 35.8 0.05985 1.16 23+4
−23 < 1.2
e 2.0± 0.3g disturbed, dust, cluster
EA19 02 07 49.45 −45 20 51.1 0.06400 1.23 84+18
−34 2.7
e < 1.2g dust
EA21 11 15 24.96 −06 45 13.8 0.09944 1.84 134+7
−9 < 1.7
e · · · bar
a E+A IDs and redshifts from Zabludoff et al. (1996).
b Velocity dispersion of the old stellar population from Norton et al. (2001). The entries with σ = 23 km s−1 are the upper limits.
c SFR from Hα luminosity (Yang et al. 2006) using the relation, SFR (M⊙ yr
−1) = LHα /1.27 × 10
41ergs s−1 (Kennicutt 1998).
d SFR from the radio-continuum (Chang et al. 2001) using the relation, SFR (M⊙ yr
−1) = 5.9 × 10−22 L1.4GHz (W Hz
−1) (Yun et al. 2001). Corrected for the
cosmological parameters adopted in this paper. Note that we do not adopt the SFRs derived from the gas surface densities, which are highly uncertain.
e SFR from the radio-continuum (Miller & Owen 2001). Same as footnote d.
f H I mass from Chang et al. (2001). Corrected for the cosmological parameters adopted in this paper.
g H I mass from Buyle et al. (2006).
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TABLE 2
Magnitude Transformation
TCOL SCOL c0 c1 c2
B−B439 B439−R702 −0.001 −0.029 −0.033
B−B435 B435−R625 0.008 −0.048 −0.023
r−R702 B439−R702 0.496 0.014 0.023
r−R625 B435−R625 0.406 −0.084 0.016
B435−R625 B439−R702 −0.107 0.938 −0.033
B0.1435−R
0.1
625 B
0.1
439−R
0.1
702 −0.030 0.857 −0.009
TABLE 3
Concentrations and Asymmetries
ID r(η = 0.2) C(R) A(R)a mB mR
(arcsec) (r < 2rp) (r < 2rp)
EA01A 6.75 ± 0.06 3.10 ± 0.01 0.17 17.09 ± 0.30 16.77 ± 0.01
EA01B 1.28 ± 0.02 4.28 ± 0.02 0.08 17.44 ± 0.02 16.03 ± 0.01
EA02 3.94 ± 0.05 4.96 ± 0.01 0.09 17.79 ± 0.04 16.24 ± 0.01
EA03 2.35 ± 0.06 5.07 ± 0.02 0.07 16.76 ± 0.05 15.35 ± 0.01
EA04 3.24 ± 0.06 4.81 ± 0.01 0.11 17.36 ± 0.01 15.77 ± 0.01
EA05 1.31 ± 0.18 4.54 ± 0.17 0.05 18.65 ± 0.02 16.99 ± 0.06
EA06 0.52 ± 0.01 3.40 ± 0.03 0.08 18.67 ± 0.01 17.41 ± 0.01
EA07 6.93 ± 0.07 3.94 ± 0.01 0.15 16.91 ± 0.01 15.30 ± 0.01
EA08 2.44 ± 0.05 4.71 ± 0.01 0.05 18.78 ± 0.01 17.27 ± 0.01
EA09 2.56 ± 0.08 4.47 ± 0.01 0.11 19.01 ± 0.01 17.55 ± 0.01
EA10 2.18 ± 0.06 4.57 ± 0.02 0.05 18.39 ± 0.01 16.91 ± 0.01
EA11 1.94 ± 0.11 4.90 ± 0.04 0.07 18.79 ± 0.02 17.22 ± 0.01
EA12 4.33 ± 0.04 4.09 ± 0.01 0.14 18.44 ± 0.01 16.84 ± 0.01
EA13 6.45 ± 0.13 4.74 ± 0.01 0.27 17.62 ± 0.01 16.00 ± 0.01
EA14 0.83 ± 0.03 3.64 ± 0.05 0.03 18.05 ± 0.01 16.69 ± 0.01
EA15 1.67 ± 0.05 4.45 ± 0.02 0.04 19.02 ± 0.01 17.50 ± 0.01
EA16 0.63 ± 0.06 3.84 ± 0.15 0.04 18.47 ± 0.02 17.30 ± 0.04
EA17 2.84 ± 0.05 5.04 ± 0.01 0.08 18.58 ± 0.01 17.16 ± 0.01
EA18 2.92 ± 0.05 3.73 ± 0.01 0.19 17.81 ± 0.01 16.37 ± 0.01
EA19 4.43 ± 0.03 2.95 ± 0.01 0.10 18.06 ± 0.01 16.66 ± 0.01
EA21 1.22 ± 0.17 4.64 ± 0.18 0.04 18.85 ± 0.04 17.26 ± 0.05
a Typical errors for A are σ(A)/A ≃ 0.015.
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TABLE 4
de Vaucouleurs and Se´rsic Profile Fit (R702 or R625 bands)
r1/4-Law Se´rsic r1/n-Law
ID re µe q a c a χ2ν re µe n q
a c a χ2ν
(kpc) (mag arcsec−2) (b/a) (kpc) (mag arcsec−2) (b/a)
EA01B 1.08
+0.07
−0.01
17.86
+0.12
−0.02
0.70 −0.04 2.88 1.35
+0.40
−0.01
18.39
+0.55
−0.04
5.39
+0.99
−0.05
0.68 −0.06 2.53
EA02 2.76
+0.17
−0.01
19.83
+0.11
−0.05
0.73 0.15 1.51 5.85
+2.01
−0.01
21.41
+0.57
−0.35
6.79
+0.76
−0.48
0.75 0.34 1.43
EA03 1.69
+0.09
−0.01
18.32
+0.10
−0.05
0.97 −0.04 2.26 4.99
+1.03
−0.01
20.65
+0.37
−0.22
9.55
+0.54
−0.37
0.98 −0.04 1.50
EA04 2.12
+0.11
−0.01
18.92
+0.10
−0.03
0.97 0.01 1.42 3.07
+0.37
−0.01
19.76
+0.23
−0.11
5.97
+0.29
−0.17
0.98 −0.02 1.31
EA05 1.62
+0.05
−0.01
18.57
+0.07
−0.05
0.61 −0.10 1.37 2.93
+0.82
−0.01
19.91
+0.51
−0.24
7.08
+0.89
−0.41
0.62 −0.06 1.30
EA06 0.43
+0.01
−0.01
17.07
+0.01
−0.04
0.86 −0.05 0.70 0.46
+0.01
−0.01
17.25
+0.05
−0.07
4.60
+0.12
−0.21
0.86 −0.05 0.69
EA07 11.75
+0.19
−0.01
21.27
+0.02
−0.05
0.74 0.07 1.27 7.97
+0.35
−0.01
20.44
+0.08
−0.08
2.72
+0.11
−0.09
0.75 0.07 1.12
EA08 1.84
+0.05
−0.01
19.58
+0.04
−0.02
0.89 0.07 0.99 4.00
+0.73
−0.01
21.25
+0.32
−0.19
7.67
+0.52
−0.36
0.89 0.08 0.85
EA09 2.18
+0.08
−0.01
20.86
+0.05
−0.05
0.52 −0.37 1.61 20.92
+12.12
−0.01
25.58
+0.86
−1.34
15.22
+1.56
−2.55
0.52 −0.37 1.39
EA10 2.22
+0.03
−0.01
19.73
+0.02
−0.05
0.81 0.05 0.83 3.28
+0.70
−0.01
20.57
+0.41
−0.20
5.74
+1.00
−0.31
0.81 0.04 0.75
EA11 1.80
+0.04
−0.01
18.92
+0.04
−0.15
0.53 0.14 1.16 2.88
+0.44
−0.01
19.97
+0.29
−0.15
6.31
+0.94
−0.24
0.53 0.13 1.06
EA12 4.67
+0.25
−0.01
21.47
+0.07
−0.10
0.81 1.13 1.29 9.14
+2.40
−0.01
22.83
+0.42
−0.33
6.33
+0.56
−0.40
0.81 1.25 1.22
EA13 5.72
+0.28
−0.01
20.50
+0.07
−0.07
0.55 0.22 0.94 8.52
+2.41
−0.01
21.35
+0.47
−0.35
5.56
+0.72
−0.48
0.54 0.17 0.90
EA14 1.10
+0.01
−0.01
18.23
+0.00
−0.03
0.57 0.18 1.68 1.44
+0.01
−0.01
18.83
+0.01
−0.11
5.30
+0.04
−0.17
0.56 0.20 1.58
EA15 1.45
+0.01
−0.01
19.23
+0.00
−0.07
0.91 −0.07 0.83 2.38
+0.09
−0.01
20.34
+0.08
−0.30
6.54
+0.23
−0.51
0.91 −0.07 0.75
EA16 0.65
+0.01
−0.01
18.04
+0.01
−0.02
0.83 0.05 1.25 1.71
+0.13
−0.01
20.18
+0.15
−0.31
9.22
+0.33
−0.70
0.81 0.07 0.84
EA17 1.35
+0.07
−0.01
20.02
+0.08
−0.03
0.65 −0.13 1.28 5.16
+3.89
−0.01
22.82
+1.10
−0.50
10.44
+2.44
−0.86
0.64 −0.11 0.96
EA18 3.17
+0.03
−0.01
20.57
+0.01
−0.06
0.50 −0.27 1.66 2.24
+0.04
−0.01
19.76
+0.04
−0.08
2.60
+0.06
−0.09
0.49 −0.29 1.42
EA19 4.98
+0.18
−0.01
21.41
+0.05
−0.08
0.43 −0.14 1.65 3.22
+0.04
−0.01
20.16
+0.03
−0.02
1.06
+0.03
−0.02
0.40 −0.10 1.06
EA21 0.92
+0.01
−0.01
18.20
+0.02
−0.03
0.72 0.21 1.28 2.20
+0.33
−0.01
20.09
+0.28
−0.31
8.35
+0.60
−0.60
0.70 0.19 1.04
Note. — EA01A is excluded because it is so irregular.
a Typical errors for q and c are ∼ 0.01.
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TABLE 5
Bulge-Disk Decomposition (R702 and R625 bands)
r1/4-Bulge Disk
ID re µe q a c a rd µd q
a c a B/T χ2ν
(kpc) (mag arcsec−2) (b/a) (kpc) (mag arcsec−2) (b/a)
EA01B 0.73
+0.01
−0.01
17.35
+0.01
−0.04
0.75 −0.06 2.38
+0.23
−0.01
19.35
+0.13
−0.07
0.39 1.21 0.78
+0.01
−0.03
2.40
EA03 0.71
+0.01
−0.01
16.94
+0.03
−0.04
0.93 0.09 3.60
+0.17
−0.01
19.19
+0.07
−0.17
0.88 0.04 0.54
+0.01
−0.02
1.57
EA04 1.11
+0.01
−0.01
17.93
+0.02
−0.08
0.87 0.08 3.40
+0.11
−0.01
19.30
+0.06
−0.19
0.72 0.32 0.61
+0.01
−0.03
1.24
EA05 1.12
+0.04
−0.01
17.96
+0.05
−0.07
0.57 −0.15 4.35
+0.98
−0.01
20.59
+0.32
−0.30
0.77 −0.38 0.68
+0.02
−0.05
1.30
EA06 0.40
+0.01
−0.01
16.94
+0.05
−0.03
0.85 −0.05 4.82
+4.05
−0.01
22.49
+0.79
−0.22
0.55 0.84 0.85
+0.04
−0.09
0.67
EA07b 11.59
+0.48
−0.01
21.43
+0.03
−0.07
0.69 0.17 3.35
+0.63
−0.01
19.25
+0.03
−0.24
0.82 −0.50 0.85
+0.02
−0.11
1.09
EA08 0.59
+0.03
−0.01
17.93
+0.08
−0.00
0.89 −0.03 2.16
+0.11
−0.01
19.24
+0.10
−0.00
0.90 0.25 0.45
+0.01
−0.01
0.82
EA09 0.06
+0.01
−0.01
15.64
+0.09
−0.04
0.98 −0.81 1.45
+0.02
−0.01
18.71
+0.02
−0.00
0.41 −0.21 0.16
+0.01
−0.01
0.84
EA10 1.16
+0.05
−0.01
18.90
+0.05
−0.56
0.85 0.17 3.13
+0.18
−0.01
19.98
+0.15
−0.66
0.68 −0.12 0.64
+0.01
−0.12
0.74
EA11 1.06
+0.03
−0.01
18.00
+0.05
−0.20
0.42 0.47 3.24
+0.36
−0.01
20.10
+0.17
−0.05
0.95 −0.68 0.61
+0.01
−0.02
0.92
EA12b 1.49
+0.16
−0.01
19.74
+0.10
−0.05
0.65 −0.48 3.88
+0.56
−0.01
19.82
+0.19
−0.03
0.69 −0.56 0.36
+0.04
−0.01
1.04
EA13 1.95
+0.33
−0.01
19.24
+0.19
−0.25
0.61 0.10 5.07
+0.61
−0.01
19.43
+0.27
−0.24
0.43 0.07 0.47
+0.05
−0.05
0.83
EA14 0.75
+0.01
−0.01
17.62
+0.00
−0.03
0.55 0.10 2.93
+0.05
−0.01
19.88
+0.04
−0.07
0.40 0.33 0.71
+0.01
−0.01
1.36
EA15 0.47
+0.01
−0.01
17.68
+0.01
−0.15
0.92 0.02 1.57
+0.01
−0.01
18.76
+0.01
−0.12
0.90 −0.11 0.48
+0.01
−0.02
0.73
EA16 0.34
+0.01
−0.01
17.03
+0.05
−0.02
0.81 0.02 2.21
+0.09
−0.01
20.02
+0.08
−0.05
0.81 0.14 0.57
+0.01
−0.01
0.72
EA17 0.25
+0.01
−0.01
17.48
+0.02
−0.37
0.69 −0.15 1.62
+0.03
−0.01
19.36
+0.03
−0.11
0.58 0.06 0.35
+0.01
−0.03
0.78
EA18b 2.93
+0.02
−0.01
20.59
+0.00
−0.05
0.52 −0.30 0.63
+0.01
−0.01
18.64
+0.06
−0.00
1.00 −0.95 0.91
+0.01
−0.01
1.24
EA21 0.56
+0.01
−0.01
17.41
+0.03
−0.03
0.70 0.33 4.19
+0.32
−0.01
20.60
+0.10
−0.10
0.65 −0.23 0.59
+0.02
−0.02
0.93
Note. — EA01A, EA02 and EA19 are excluded from the bulge-disk decomposition because the GALFIT program
fit does not converge.
a Typical errors for q and c are ∼ 0.01.
b E+As with unreliable bulge-disk decompositions.
TABLE 6
Color Gradients
d(B−R)
dlog r
logRbreak
d(B−R)
dlog r
˛
˛
˛
in
d(B−R)
dlog r
˛
˛
˛
out
ID (mag dex−1) (kpc) (mag dex−1) (mag dex−1) Morphologya
EA01B 0.13 ± 0.01 · · · · · · · · · P
EA02 0.00 ± 0.03 0.03 ± 0.03 −0.25± 0.04 0.38± 0.05 N,D
EA03 0.20 ± 0.01 · · · · · · · · · P
EA04 −0.00± 0.01 0.01 ± 0.05 0.07± 0.01 −0.20± 0.03 N,D
EA05 0.44 ± 0.05 −0.37± 0.02 0.95± 0.07 0.27± 0.02 P,BC
EA06 0.44 ± 0.03 0.13 ± 0.02 0.60± 0.02 −0.05± 0.05 P,BC,D
EA07 −0.16± 0.02 0.28 ± 0.03 −0.46± 0.03 −0.02± 0.01 N,D
EA08 0.01 ± 0.01 0.62 ± 0.03 −0.04± 0.01 0.48± 0.11 P
EA09 0.06 ± 0.04 −0.38± 0.01 1.02± 0.05 −0.18± 0.01 P,BC
EA10 0.08 ± 0.01 0.66 ± 0.03 0.06± 0.01 0.63± 0.09 P
EA11 0.17 ± 0.04 0.13 ± 0.03 −0.09± 0.03 0.43± 0.03 F
EA12 −0.31± 0.05 0.08 ± 0.02 0.34± 0.04 −0.68± 0.03 N,D
EA13 0.08 ± 0.02 −0.11± 0.03 0.33± 0.02 −0.02± 0.01 F,D
EA14 0.29 ± 0.03 0.13 ± 0.01 0.75± 0.02 0.08± 0.02 P,BC
EA15 0.12 ± 0.01 · · · · · · · · · P
EA16 0.45 ± 0.02 0.07 ± 0.02 0.63± 0.02 0.28± 0.02 P,BC
EA17 0.18 ± 0.02 −0.43± 0.03 0.72± 0.06 0.10± 0.01 P,BC,D
EA18 0.06 ± 0.02 −0.15± 0.04 0.40± 0.04 −0.10± 0.02 F,D
EA19 −0.25± 0.02 0.46 ± 0.03 −0.37± 0.02 0.23± 0.06 N,D
EA21 0.09 ± 0.01 0.13 ± 0.09 0.15± 0.02 0.04± 0.02 F
Note. — Because a single linear fit is not the best representation of most
color profiles, the statistical uncertainties are always too small and unrealistic.
Therefore, we calculate bootstrap uncertainties.
a Morphology of the color profile: N(negative), P(positive), BC(blue-core),
F(flat or variable), D(dust)
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APPENDIX
DETAILED MORPHOLOGIES OF E+A GALAXIES
High resolution HST images enable us to identify a wealth of small and large scale features. For example, the low
surface brightness tidal features, small companion galaxies, blue cores, bars, and even point-like, newly-formed star
clusters are essential clues in understanding the causes and end-products of the E+A phase. In this appendix, we
describe the qualitative morphologies of 21 E+A galaxies. Given that our E+A sample was selected using uniform
spectroscopic criteria (large Balmer absorption and no [O II] emission), it is striking that the morphologies of E+A
galaxies are so diverse.
Tidal Features and Disturbed Morphologies
Eight E+As (EA01AB, 02, 03, 07, 08, 10, 12, 13) show clear tidal features indicative of recent galaxy-galaxy
interactions. These features include tidal tails that extend over a few tens of kpc and bridges that connect apparent
companions. In addition to these dramatic large-scale tidal features, another three (EA04, 11, 18) exhibit disturbed
morphologies such as shell-like structures (EA04 and EA11) and highly irregular isophotes (EA18). We conclude that
the fraction of E+A galaxies with readily identifiable, i.e., brighter than our detection limit (µR < 25.1 ± 0.5 mag
arcsec−2), merger/interaction signatures is ∼ 55% (±15).
Since Zabludoff et al. (1996) first claimed galaxy-galaxy interactions/mergers as the main mechanism for E+A
formation, other studies using larger samples of E+As have reached similar conclusions. For example, Blake et al.
(2004) found that ∼13% of E+As selected from the 2dFGRS, using the same spectroscopic criteria as was done for
the LCRS sample, show tidal features or disturbed morphologies. Goto (2005) found that ∼30% of his sample shows
tidal features. The higher merger fraction that we report here is almost certainly due to the improved sensitivity and
higher resolution of HST imaging rather than intrinsic differences among E+A samples. For example, the low surface
brightness features seen in EA08 and the shell-like structure in EA04 would not be detected in typical ground-based
imaging.
Do merger features correlate with increasing EA numbers (i.e., increasing D4000), which is likely to correlate with
the mean stellar age of the galaxy? We find tidal features more often among E+As with smaller EA numbers. The
distribution of EA numbers for E+As with tidal features is not random at the ∼90% confidence level. Because the
duration of the E+A phase (∼ Gyr) is longer than the dynamical relaxation time of the merger, we expect this
correlation if EA numbers constitute a rough age sequence.
Companion Galaxies
Among the 11 E+As with interaction/merger signatures, five (EA01AB, 10, 11, 12, 13) have companion galaxies
within ∼ 30 kpc that appear to be interacting with the E+A. The EA01AB system is spectroscopically confirmed
(Yang et al. 2006), but the others may only be projected companions. For example, EA15’s companion (R.A. =
14:40:45.2, DEC. = −06:39:53), which we also observed in our slit, is at a different redshift. The properties of the
projected companion galaxies are as diverse as those of the E+As. They range from almost 1:3 mergers (EA01AB)
to apparent 1:75 minor mergers (EA10) as judged from the relative R band fluxes. Are the interactions with these
companion galaxies responsible for the starburst in E+As that ended . Gyr ago? If these apparent on-going interac-
tions produce the E+A spectra, then there was a close interaction . Gyr ago, and we are now witnessing a subsequent
passage. Therefore, a wide range of merger configurations may cause the E+A phenomenon. Alternatively, another
interaction/trigger produces the E+A spectra, and the current interactions are solely by chance. Larger surveys in-
cluding redshift measurements of the companion galaxies will help to resolve this issue. Conversely, not all interactions
lead to E+A’s. Yagi et al. (2006) present a spectroscopically confirmed interacting E+A system where one galaxy is
an E+A, but the other has neither current star formation nor post-starburst signatures.
Dust Features
Seven E+As (EA06, 07, 12, 13, 17, 18, 19) show dust features, such as lanes and filamentary structures, in the
two-color composites or the residual images. In the WFPC2 sample, we also suspect that EA02 and EA04 might have
dust from their irregular residual images, but the shallow B439 images prohibit us from confirming it. Signatures of
dust, although typically fairly minor, are present in over a third (33–43%) of our E+As.
There have been suggestions that star-forming galaxies could be disguised as E+A galaxies due to obscuration by
dust (Smail et al. 1999). However, this is not an issue for the E+As in this sample. As discussed in §4, only three E+As
(EA07, 12, 19) have color profiles seriously affected by dust lanes [∆(B − R) & 0.5]. Furthermore, radio continuum
emission is detected from only two of the dusty E+As (EA12 and 19) with inferred star formation rates (SFR) of 5.9
and 2.2 M⊙ yr
−1, respectively (Miller & Owen 2001). EA07 was not observed in the radio. We conclude that the
contamination rate due to the E+A selection criteria adopted by Zabludoff et al. (1996), which employs the average
Balmer line strength and [O II], is less than 15% (see also Blake et al. 2004; Goto 2004).
Barred Galaxies
Only three E+As galaxies (EA05, 14, 21) exhibit clear signs of bars in the residual images, while two other E+As
(EA11 and EA19) have elongated residuals that suggest the presence of a bar. Because there is no model profile for
the bar component, we fit these galaxies as well as possible using the various model GALFIT components. Because
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introducing too many free components makes it impossible to interpret the components physically (Peng et al. 2002),
we use only three-component models, each with a combination of two Se´rsic profiles and one exponential disk profile.
We show the best-fit model profiles in Figure 3 for the barred E+A galaxies. The bars appear to be fit reasonably
well with a steep (n < 0.8) and flat (q ∼ 0.5) component.
POST-BURST AGE DETERMINATION
The ages of the young star cluster populations in E+A galaxies could be used to break the degeneracy between
the burst strength and the time elapsed since the starburst, because a simple stellar population (SSP) is an excellent
approximation for the star clusters and therefore no additional assumptions are required to model the underlying old
stellar populations. To derive the time since the starburst (post-burst age), when the majority of the detected clusters
and young stars formed, we use a statistical test and the simple assumption that all star clusters formed during a
single burst. Therefore, we assume that their spread in colors is due entirely to color measurement errors. For each
post-burst age, we draw a thousand sets of N cluster colors, each scattered according to a Gaussian error distribution
described by the measurement error σierr, where N is the number of cluster candidates found in each E+A. These
simulated colors are compared to the distributions of observed colors. We determine the fraction of sets that are
statistically indistinguishable from the observations using the two sample K-S test. If the fraction of acceptable sets
is less than 5%, we reject that model age as the time since the starburst.
Next we test whether the key assumptions in determining the post-burst ages — 1) the Gaussian distribution of
observed colors and 2) the single age cluster population — are statistically acceptable. First, we consider whether
the assumption that the measured cluster colors are randomly distributed according to a Gaussian is realistic. Due
to small number statistics in each galaxy, it is not possible to test this assumption for the clusters in each galaxy.
Therefore, we apply the following test to all clusters discovered in the five E+As (EA07, 08, 11, 15, 18). For each
E+A, we calculate the deviation of each cluster color from the median color of the sample in terms of its measurement
error, δi = (Ci−Cmed)/σierr, where Ci and Cmed are the measured color of the cluster and the median color of clusters
in the given E+A, and σierr is the error in each cluster color including uncertainties in background subtraction. We
examine the distribution of δi’s. If the δi’s follow a Gaussian distribution with zero mean and a standard deviation
of unity, our assumption of Gaussian distributed errors can be justified. If not, e.g., if the δi’s show a skewed or
flat distribution, their measured colors could be seriously affected by the other factors. In Figure 19, we show the
distribution of δi’s. The histogram is marginally consistent with a Gaussian distribution with unit standard deviation
(σfit = 1.34), therefore we conclude that there is no strong evidence against this assumption.
Second, we test the validity of the assumption that all of the detected star clusters formed during a single instan-
taneous burst. We generate a thousand sets of simulated cluster colors with an age spread of ∆t. Gaussian random
errors with a dispersion corresponding to the measurement errors σierr are added to the simulated colors. Now we
calculate the δi’s using these simulated sets of cluster colors and compare the width σfit of the δi distribution with the
observed value σfit = 1.34. If the observed σfit is significantly different from the distribution of σfit, then we reject the
given ∆t. We find that ∆t < 0.1 Gyr is rejected at the 95% confidence level. However, the small number statistics and
low S/N of the color measurements do not allow us to constrain the upper limits of the burst durations. Therefore,
the instantaneous burst assumption might not be strictly true, and the burst duration should be at least longer than
100 Myr. On the other hand, using an E+A galaxy sample selected from the Sloan Digital Sky Survey, Yang et al.
(2008) show that the timescale over which star formation ends tends to be smaller than ∼ 200 Myr, and larger burst
durations (several hundred Myr) would wipe out the correlations that we find among post-burst ages, global E+A
colors (i.e., EA number), and the bright end of the star cluster luminosity function. Therefore, we argue that the
single burst age approximation is valid to within a few hundred Myr.
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Fig. 19.— The composite distribution of δi = (Ci−Cmed)/σ
i
err from five ACS E+As with cluster candidates. The histogram is marginally
consistent with a Gaussian with σ = 1. There is no strong indication against our assumption of Gaussian-distributed uncertainties.
